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ABSTRACT
Streams and rivers process and transport carbon to downstream systems and are
important components of global and regional carbon budgets. Ecosystem functions,
including gross primary production (GPP) and ecosystem respiration (ER), can be used to
improve understanding of carbon cycling and ecosystem health in lotic systems. Wholestream metabolism (GPP and ER) has been studied extensively in headwater streams.
However, we know less about the variability in GPP and ER in aridland rivers and
tributary streams despite being globally abundant and vulnerable systems to changing
climate. This dissertation explores temporal and spatial variation of GPP and ER in a
montane stream and along the Middle Rio Grande (MRG) using long-term, highresolution water quality data. Analysis of temporal signals reveal strong inter-annual
variability in ER and GPP and shifts from autotrophic to heterotrophic status within and
across years for these open canopy sites. We found snowmelt discharge to be an
important driver of metabolism, however, the response varied across sites either
increasing or decreasing with increasing snowmelt. During the summer, short and
frequent pulses in turbidity levels from monsoon rainstorms decreased GPP at sites along
the MRG. Our findings suggest that complex combinations of temporally variable factors
such as snow accumulation and melt, and their role in connecting terrestrial and aquatic
ecosystems, can lead to substantial within-stream variation in autotrophic or
heterotrophic status. At sites along the MRG, a combination of discharge, turbidity,
geomorphology and substrate type are key determinants of daily GPP and trophic
conditions.
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CHAPTER 1:
Introduction
This dissertation focuses on quantifying the temporal and spatial variability and
the drivers of ecosystem metabolism in stream and river reaches within the Middle Rio
Grande network. This research is made possible by the availability of long-term water
quality sensor data and highlights the importance of high-resolution data to discern
ecosystem processes at multiple time scales.
Aridlands comprise approximately one third of the terrestrial land mass on Earth
(Graf 1988) and are highly susceptible to anthropogenic impacts and changing climatic
conditions (Seager et al. 2007, D’Odorico et al. 2013, Gutzler 2013). Periods of elevated
discharge in aridland rivers in the southwestern United States occur during long duration,
sustained spring flows originating from snowmelt at high elevations and during short
duration, abrupt pulses of flow from high intensity monsoons in summer (Sheppard et al.
2002). Inter-annual variability in discharge in these regions is driven by large-scale
climate patterns including the El Niño-Southern Oscillation and other oceanicatmospheric interactions (Molles et al. 1990, Sheppard et al. 2002, Tootle et al. 2005).
While the impact of climate change on ENSO events remains elusive (Collins et al.
2010), snowpack in the western U.S. is decreasing from warming air temperatures
(Knowles et al. 2006). Therefore, exploring inter-annual variability and the response of
metabolism to large-scale climate drivers are important to determine resources available
to food webs, responses to climate and anthropogenic change, and to ensure ecosystem
health of these systems (Young et al. 2009).
In streams and rivers, gross primary production (GPP) and ecosystem respiration
(ER) (i.e., metabolism) control the transport and fate of nutrients and organic carbon –
1

and vice versa. Rates of GPP and ER in lotic systems are controlled by four primary
factors; light availability, nutrient concentrations, discharge, and water temperature
(Mulholland et al. 2001, Bernhardt et al. 2018). These characteristics vary both spatially
across climate regimes (Lamberti et al. 1997, Mulholland et al. 2001) and river networks
(Young et al. 1996, Dodds et al. 2018, Hosen et al. 2019) and temporally across seasons.
However, much of this research has been conducted in mesic systems. In aridland rivers,
where light availability is high (Lamberti et al. 1997), high levels of turbidity limit light
available for benthic biofilms (Bunn et al. 2003, Fellows et al. 2009, Hall et al. 2015) and
phytoplankton (Oliver et al. 2006). Additionally, frequent discharge events drive “boom
and bust” cycles of primary production (Bunn et al. 2003). Studies in these aridland
systems to-date have been primarily short-term and do not capture a wide range of
discharge.
The research in this dissertation reveals that rates of GPP and ER at sites across
this aridland network are driven by a complex combination of watershed and site-specific
geomorphic and substrate characteristics, the timing and magnitude of discharge events,
and both large-scale climate patterns and local weather events. Analysis of temporal
signals reveals strong inter-annual variability in ER and GPP at all the study sites, and
that differences in snowmelt discharge and summer monsoons are important drivers of
metabolism. We report on shifts from autotrophic to heterotrophic status and large
variation in cumulative production and respiration within and across years at open canopy
sites within the Middle Rio Grande network, indicating that these systems are highly
dynamic in the production and consumption of carbon. We place our findings in context
of previous paradigms that find relatively stable local attributes of streams such as light
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and temperature regimes dictated by geographic and landscape positioning, control
trophic status and cumulative production. Finally, we show that aridland rivers are
relatively productive systems that are resilient to disturbances.
DISSERTATION ORGANIZATION
Three stand-alone research chapters are related by the common theme of
quantifying temporal and/or spatial variability in ecosystem metabolism and identifying
the physicochemical drivers of this variability. Multi-year water quality data were used to
estimate metabolism from open-source metabolism modeling packages in R; BAysian
Single-station Estimate, or BASE (Grace et al. 2015), and streamMetabolizer (Appling et
al. 2018). While this dissertation presents estimates of GPP and ER, the focus of this
research emphasizes GPP estimates rather that ER because of time gaps arising from the
difficulty in estimating ER.
Chapter 2
Little information exists regarding the extent of temporal variability of stream
metabolism and how both local physicochemical and broad scale climatic drivers affect
this variability. This study explores seasonal and inter-annual trends in whole-stream
metabolism using seven years of field data from an open-canopy, snowmelt-dominated
headwater stream. Analysis of temporal signals reveals strong inter-annual variability in
ER and GPP, with bimodal peaks in metabolism during spring and summer of wetter El
Niño (EN) years and single summer peaks during drier La Niña (LN) years. Our findings
suggest that complex combinations of temporally variable factors such as snow
accumulation and melting, and their role in connecting terrestrial and aquatic ecosystems,
can lead to substantial within-stream variation in autotrophic or heterotrophic status.
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Status: Chapter 2: “Long-term data reveal highly variable metabolism and transitions in
trophic status in a montane stream” has been accepted to Freshwater Science.
Chapter 3
Minimal research has been conducted on whole stream metabolism in aridland
streams and rivers, a knowledge of which is fundamental for understanding and
managing these systems. Two years of whole-stream metabolism estimates were
generated at three sites spanning ~90 river km along the Rio Grande in New Mexico,
USA to assess for variability in GPP and ER across and within sites at daily and seasonal
timescales. Differences in substrate type and geomorphology across sites resulted in
spatially and temporally variable patterns in whole stream metabolism. Specifically,
autotrophy was common at the middle site which has coarse cobble substrate, while
heterotrophy was associated with fine-grained sand and silt substrates found at the upper
and lower sites.
Status: Chapter 3: “Spatial and temporal variation in whole stream metabolism in an
aridland river” is in preparation.
Chapter 4
Information regarding the impacts of flow disturbance on stream metabolism in
aridlands is limited. At one site on the Middle Rio Grande, we assessed the impact of two
types of disturbances, snowmelt discharge and summer monsoons, on GPP using a semicontinuous data over a semi-consecutive ten-year period. In June, substantial differences
across years in primary production were controlled by discharge disturbance from large
scale climate patterns (i.e., ENSO). Threshold responses in daily GPP occurred when
critical values in discharge and turbidity were exceeded, which happened at different

4

times of the year. In this aridland river, small changes in discharge from summer
monsoons result in large changes in turbidity that abrades benthic primary producers
from channel substrate, reducing the GPP signal.
Status: Chapter 4, “The impacts of large-scale climate patterns and localized disturbance
events on whole stream metabolism in an aridland river”, is in preparation.
Chapter 5
This discussion places the main findings of these research chapters (Chapter 2 –
4) into broader impacts and contributions to the scientific community.
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ABSTRACT
In streams, gross primary production (GPP) and ecosystem respiration (ER) (i.e.,
stream metabolism) control the transport and fate of nutrients and organic carbon – and
vice versa. The importance of short-term and local factors in driving these processes is
well known in the literature. However, little information exists regarding the extent of
temporal variability of stream metabolism and how both local physicochemical and broad
scale climatic drivers affect this variability. This study explores seasonal and inter-annual
trends in whole-stream metabolism parameters [GPP, ER, and net ecosystem production
(NEP)] using seven years of field data from an open-canopy, snowmelt-dominated
headwater stream ecosystem in the southwestern United States. Analysis of temporal
signals reveals strong inter-annual variability in ER and GPP, with bimodal peaks in
metabolism during spring and summer of wetter El Niño (EN) years and single summer
8

peaks during dryer La Niña (LN) years. Mean annual spring ER (p=0.025, r2=0.67) and
NEP (p=0.004, r2=0.83) were positively related to discharge (Q), potentially due to an
influx of nutrients and organic carbon during years with higher snowmelt runoff and
discharge. No relationship between seasonal mean GPP and physicochemical variables
was observed. Additionally, we report unanticipated shifts from autotrophic to
heterotrophic status within and across years for this open canopy system. However, this
variability is not explained by environmental factors at local (Q or photosynthetically
active radiation) or global (El Niño-Southern Oscillation – ENSO) scales, suggesting that
other parameters, or combination of factors, are responsible for driving variations in
stream metabolism in this system. Previous paradigms hold that relatively stable local
attributes of streams such as light and temperature regimes, which are dictated by
geographic and landscape positioning, control trophic status. In contrast, our findings
suggest that complex combinations of temporally variable factors such as snow
accumulation and melting, and their role in connecting terrestrial and aquatic ecosystems,
can lead to substantial within-stream variation in autotrophic or heterotrophic status.
Keywords: Stream metabolism, discharge, autotrophic, heterotrophic, trophic status, El
Niño-Southern Oscillation, climate patterns
INTRODUCTION
The production and consumption of oxygen and organic matter in streams control
the transport of nutrients and carbon, and vice versa, with important implications for
water quality of downstream lotic, lentic, and marine ecosystems. Daily oxygen and
carbon production (via photosynthesis) and consumption (via autotrophic and
heterotrophic –or ecosystem– respiration) can be estimated using diel dissolved oxygen
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curves and models of stream metabolism, which account for the net effect of gross
primary production (GPP) and ecosystem respiration (ER) (Odum 1956). Understanding
the controls of GPP and ER in streams is essential for estimating how energy and
nutrients flow through stream ecosystems (Hall et al. 2003, Cohen et al. 2013, Hotchkiss
et al. 2015). Therefore, many studies have investigated predictors of spatial and shortterm (i.e., daily to weekly) variation in stream metabolism (Mulholland et al. 2001,
Bernot et al. 2010, Griffiths et al. 2013, Siders et al. 2017).
A recently developed conceptual framework of metabolic regimes in lotic
ecosystems identified light, temperature, and disturbance regimes as primary drivers of
GPP and ER in stream ecosystems, with nutrient and resource availability becoming
important when other factors are not limiting (Bernhardt et al. 2018). The study of these
drivers in multiple and diverse biomes has provided insight into mechanistic processes
affecting stream metabolism. For example, the high light availability in open-canopy,
semi-arid streams supports elevated rates of in-stream GPP as compared to other stream
types (Lamberti et al. 1997). Similarly, metabolic activity in the hyporheic zone,
sustained by surface and groundwater inputs of dissolved organic carbon and nutrients,
contributes to ER significantly more than other stream compartments (Findlay et al. 1993,
Mulholland et al. 1997, Naegeli et al. 1997, Fellows et al. 2001, González-Pinzón et al.
2014). Thus, numerous short-term studies have provided valuable insights into the
mechanisms driving metabolic regimes in streams; however, until recently, multi-year,
high-resolution datasets necessary to assess seasonal and inter-annual variability and the
factors driving these differences have been scarce.
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With the advent of low-cost, near-continuous, water quality and nutrient sensors,
researchers now have an opportunity to quantify long-term (e.g., seasonal and multi-year)
variation in metabolic function to determine how the influence of the local drivers
identified by Bernhardt et al. (2018) changes through time and to explore how large-scale
global climate patterns impact stream metabolism. Such studies suggest that 1) significant
annual variation in metabolism parameters exists with 5, 25, and 40% differences in GPP,
ER, and net ecosystem production (NEP) reported for two consecutive years in a forested
headwater stream (Roberts et al. 2007), and 2) hydrologic variability resulting from both
climate change (Marcarelli et al. 2010, Val et al. 2016) and geographic location (Young
et al. 1996) can lead to fluctuations in metabolism parameters. To date, few long-term
studies of stream metabolism have been conducted in the southwestern U.S. In this
region, the El Niño-Southern Oscillation (ENSO) phenomenon in the winter and spring,
and North American monsoonal rainfall events in the summer, drive variation in
precipitation and thus stream discharge. Specifically, El Niño (EN) years are often
associated with increased regional snowpack while La Niña (LN) years produce less
snowpack, which subsequently influences snowmelt discharge patterns (Molles et al.
1990). Additionally, while the impact of climate change on ENSO remains elusive
(Collins et al. 2010), snowpack in the western U.S. is decreasing from warming air
temperatures (Knowles et al. 2006). The strong linkages among global climate patterns,
local precipitation, and resultant stream flows make montane streams in the southwestern
U.S. useful study sites for exploring inter-annual variability and the response of
metabolism to large-scale climate drivers.
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The overarching goal of this paper is to use seven years of field data collected
during the growing season in a snowmelt-dominated stream in central New Mexico,
USA, to quantify temporal variability of metabolism that occurs within a site and to
explore both local physicochemical and broad scale climatic drivers of this variability.
We focus on three specific research questions that require long-term data for assessment:
(1) how do GPP and ER signals vary seasonally and in conjunction with physicochemical
variables typically linked to metabolism (i.e., temperature, light, discharge), (2) to what
extent do seasonal and annual cumulative metabolism values and trophic status vary, and
(3) how does spring snowmelt discharge, which is linked to large scale climate patterns,
impact metabolism? We hypothesized that; 1) both GPP and ER peak during summer
months along with photosynthetically active radiation, while lower values occur during
spring and fall, 2) cumulative metabolism values vary by year but the trophic status of the
stream are consistent (net autotrophic due to lack of riparian vegetation and abundance of
incoming radiation in this montane grassland), and 3) disturbance from high snowmelt
EN years reduce spring GPP and ER but summer and fall values do not covary.
SITE DESCRIPTION AND METHODS
Study site
The East Fork Jemez River (EFJR) is located in the Jemez Mountains in northcentral New Mexico, USA (Fig. 1). It is a low-gradient, high-sinuosity, high-elevation
(~2590 m), third-order perennial stream in the Valles Caldera National Preserve (VALL),
with average base discharge ranging from 0.06 to 0.09 m3 s-1, a topographical gradient of
near 0 – 7 % (~ 0.05 % at our study reach) and substrate composed of silt and organic
matter in pools and gravel and cobble in riffles (Simino 2002). The stream channel is
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orientated from north to south with a typical stream bank elevation of ~ 0.8 m and a
slightly incised channel. Vegetation within the catchment is composed of Ponderosa pine
(Pinus ponderosa) and mixed conifer forests at higher elevations with montane grassland
at lower elevations. The riparian zone in our study reach is open sedge-dominated (Carex
spp.) grassland without trees or shrubs. The annual growing season ranges from March to
November, with peak primary production usually occurring between May and August for
aquatic and terrestrial primary producers. Benthic algal communities increase in biomass
immediately following snowmelt and remain active throughout the growing season.
Additionally, biomass of the two-dominant submerged macrophyte taxa (Elodea
canadensis and Ranunculus aquatilis) increases at the onset of spring (April-May)
through early fall (September-October) with mean total macrophyte biomass estimates
ranging from 56-158 g ash free dry mass m-2 through the growing season (Thompson et
al. 2019). Nitrogen is the limiting nutrient for primary production in this stream, as
identified in previous solute injection experiments (Van Horn et al. 2012).
Precipitation in the EFJR watershed is typically bimodal, composed of winter
snowfall and summer monsoons. Data from USGS stream gage 08324000 on the Jemez
River (JR, main stem) downstream from the confluence of the EFJR and Rio San Antonio
show that spring snowmelt greatly influences peak discharge in years with a substantial
snowpack. The timing and magnitude of snowmelt for the Jemez Mountains is also
influenced by ENSO climate patterns. Specifically, EN years typically produce higher
peak and total discharge from snowmelt, while LN years show the opposite trend (Molles
et al. 1990) (Fig. 2A). Summer monsoon storms affect stream discharge with short,
discrete peak discharges occurring primarily in July and August (Fig. 3A) and create
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cloud cover which increases the daily variability in photosynthetically active radiation
(PAR).
Data collection and external sources
We measured dissolved oxygen (DO, mg L-1), water temperature (°C), pH,
turbidity (NTU), and specific conductivity (mS cm-1) at 15-minute intervals using a YSI
6920 V2 water quality sonde (Yellow Springs, OH) installed in the EFJR in 2005 at an
elevation of 2583 m with site coordinates of N 35° 50'49.45", W 106°29'31.09". The
sonde was operated yearly from April to November by the VALL (2005-2011) and the
New Mexico Experimental Program to Stimulate Competitive Research (NM-EPSCoR,
2010-2012, http://sevlter.unm.edu/node/1507). The sensors were maintained and
calibrated regularly (approximately monthly) to reduce biofouling and ensure data
quality. The DO probe was switched from a membrane-based probe to an optical probe in
2011. Raw data were processed with Aquarius software (Aquatic Informatics™, 2011) to
apply corrections for biofouling and calibration drift when needed and to delete spurious
data.
Estimates of photosynthetically active radiation (PAR, µmol m-2 s-1), atmospheric
pressure (kPA), and air temperature (°C) were collected at 30-min intervals throughout
the extent of our study from two nearby meteorological stations; 1) Headquarters (N 35°
51'30", W 106° 31' 16"), located 2.74 km northwest of the study site in the Valle Grande
and operated by the VALL; and 2) the TA-6 flux tower (N 35° 51'41.21", W 106° 19'
10.56"), located ~16 km east of the study site and operated by Los Alamos National
Laboratories. Meteorological data from TA-6 were used to fill data gaps that occurred in
the Headquarters dataset. Total solar irradiance (SI) was converted to PAR following
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(Meek et al. 1984), 𝑃𝐴𝑅 = 𝑆𝐼 × 2.04. The daily light integral was calculated from
instantaneous measurements of PAR. Meteorological data from all sources were
interpolated to match 15-min sampling intervals collected by the YSI sonde, applying a
cubic spline function from the zoo package (Zeileis et al. 2005) in R (R Development
Core Team 2008). In addition, barometric pressure was corrected for elevation
differences between the flux tower and study site using the hydrostatic equation (Barry et
al. 2003).
Given the discrepancies between measurements of stream discharge (available at
the EFJR site between 2008-2012), depth (available at the EFJR site between 2008-2012)
and metabolism data (available at the EFJR site between 2005-2011), we used wellestablished hydrologic techniques to generate synchronized, site representative data
between 2005-2011.
We used a water level logger (HOBO) deployed in a near-streambed stilling well
located ~1.2 km downstream of the sonde site to record continuous measurements of
stage between 2008-2012, and developed a rating curve using these data and 11 manual
discharge (Q) measurements (ranging between 0.05 to 1.7 m3 s-1) collected between
2008-2012 (r2=0.97; Supplemental fig. 1A). This step generated estimates of Q at the
EFJR during 2008-2012.
We extrapolated data from a downstream gage (US Geological Survey Stream
Gage 08324000) located in the Jemez River near Jemez Pueblo, New Mexico (N
35°39'43.14", W 106°44'36.38") to estimate stream Q at the EFJR sonde site for the
entire period for which we have metabolism data, including years, both prior to and after
(i.e., 2005-2011) the installation of the EFJR stilling well (2008). Since the JR gage is
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located ~ 42 km downstream of our study site, and has historically followed the same
bimodal Q patterns driven by spring snowmelt and summer monsoons seen at the EFJR,
stream discharge data for the EFJR were estimated using a widely used hydrologic
extrapolation technique for small watersheds without anthropogenic inflows (Gupta
2014), i.e.:
𝑄

𝑄𝐸𝐹𝐽𝑅𝑒𝑠𝑡 = 𝐴𝐽𝑅 × 𝐴𝐸𝐹𝐽𝑅

Equation 1

𝐽𝑅

where 𝑄𝐽𝑅 is daily average discharge (m3 s-1) measured for JR; 𝐴𝐽𝑅 is the drainage area
(1217 km2) at the location where 𝑄𝐽𝑅 is measured; 𝐴𝐸𝐹𝐽𝑅 is the drainage area (115 km2)
for EFJR at the location where 𝑄𝐸𝐹𝐽𝑅𝑒𝑠𝑡 , the daily average discharge for EFJR, is
estimated. We compared our estimated stream discharge data to the measurements
collected at the EFJR site between 2009-2011 to validate our extrapolation technique.
Given the strong relation between 𝑄𝐸𝐹𝐽𝑅𝑒𝑠𝑡 and the measures of discharge available
(r2=0.8, p-value=0.0002; Supplemental fig. 1B), we used the 𝑄𝐸𝐹𝐽𝑅𝑒𝑠𝑡 in all further
analyses to maintain consistency for the entire period with metabolism data (2005-2011).
We estimated stage values using 𝑄𝐸𝐹𝐽𝑅𝑒𝑠𝑡 and the regression equation presented in
Figure 1, i.e.:
2
𝑦𝐸𝐹𝐽𝑅 = −0.22𝑄𝐸𝐹𝐽𝑅
+ 0.73𝑄𝐸𝐹𝐽𝑅 + 0.15

Equation 2

with stage 𝑦𝐸𝐹𝐽𝑅 (m) and 𝑄𝐸𝐹𝐽𝑅 (m3s-1).
We validated the assumption that estimated stage was representative of mean
stream depth by referencing field survey data previously collected by VALL
(unpublished data) near the EFJR study site. These depths were measured in riffle, run
and pool habitats in years 2006-2008, and 2010 primarily in summer when estimated Q
ranged from 0.04 to 0.07 m3 s-1. We found that the estimated stage and measured mean
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depth averaged across habitats were significantly related (r2=0.69, p-value=0.007,
slope=0.45, intercept=0.10) along the reach (Supplemental fig. 1C). The Root Mean
Square Error (RMSE=0.012) indicates an average error of 1.2 cm associated with this
assumption, which we deemed negligible compared to other typical uncertainties in
sensor data and modeling results (Aristegi et al. 2009).
Finally, the ENSO category (El Niño– EN, La Niña–LN or Medial– M) for each
study year was gathered from the National Oceanographic and Atmospheric
Administration (NOAA) (http://elnino.noaa.gov/observ.html). Definitions and values for
EN and LN were taken from the Oceanic Niño Index on the NOAA web site. Three EN
(2005, 2007, 2010) and four LN (2006, 2008, 2009, 2011) winter seasons (December –
February) occurred during the seven years of this study. Medial or ENSO neutral years
were absent in the seven-year stream metabolism dataset.
Modeling
Diel DO profiles and environmental variables (water temperature, specific
conductivity as a surrogate for salinity, atmospheric pressure, and PAR) were input to the
Bayesian Single-station Estimation (BASE v2 released July 2016) modeling package
(Grace et al. 2015) to estimate GPP, ER, and reaeration (𝐾𝑂2 , d-1). Equation 3 describes
the mass balance model used in BASE v2:
[𝐷𝑂]𝑡+1 = [𝐷𝑂]𝑡 + 𝐴𝐼𝑡𝑝 − 𝑅(𝜃 (𝑇𝑡−𝑇̅) ) + 𝐾𝑂2 × (1.0241(𝑇𝑡−𝑇̅) ) × ([𝐷𝑂]𝑠𝑎𝑡,𝑡 −
[𝐷𝑂]𝑚𝑜𝑑,𝑡 )

Equation 3

where 𝐷𝑂 is the dissolved oxygen concentration (mg O2 L-1) entered in time intervals of
15 min; 𝐴 is a constant measuring primary production per quantum of light; and 𝑝
describes the efficiency of light used and degree of saturating photosynthesis. These
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model parameters, along with the influence of photosynthetically active radiation (PAR),
referred to as 𝐼 (µ mol m-2 s-1) in the original model description, describe instantaneous
primary production. Instantaneous respiration (R, mg O2 L-1) is influenced by water
temperature (𝑇𝑡 , C), the daily mean water temperature ( ̅𝑇, C), and a coefficient for
temperature dependence constrained to 1.072 (𝜃, 1/ C). 𝐾𝑂2 is estimated using saturated
(𝑠𝑎𝑡) and modeled (𝑚𝑜𝑑) DO conditions. Instantaneous rates were added over a day to
determine daily estimates of ER and GPP (mgO2 L-1 d-1) and multiplied by stream depth
(Equation 3) to estimate fluxes of whole-stream metabolism reported (gO2 m-2 d-1). BASE
v2 applies a salinity and temperature correction for saturation of dissolved oxygen (Grace
et al. 2006) and accounts for the temperature dependency of the respiration and reaeration
constants by using mean daily temperature during the model fitting.
The number of MCMC (Markov chain Monte Carlo) iterations in the BASEv2
model was set to 100,000 with a burn-in of 50,000 iterations to estimate parameter values
from the posterior probability distribution. Iteration numbers were doubled if
convergence of the MCMC chains to a stationary distribution was not achieved.
Minimally informative prior distributions were used for all parameters and parameter
estimation was performed discretely for each 24-hour period commencing at midnight.
Estimates of the mean value and uncertainty in each of the four parameters used to
describe daily metabolism (𝐴, 𝐾𝑂2 , 𝑅, and 𝑝) were output to a results table along with the
statistical criteria to assess model convergence and fit as described in Grace et al. (2015).
The 𝑅̂ statistic provided a measure of convergence of the three Markov chain Monte
Carlo chains. Values of 𝑅̂ <1.1 indicated convergence for all estimated parameters, while
𝑅̂ >1.1 were flagged as poor mixing and then rerun at the higher iterations described
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above and checked visually in BASE-generated fitting plots. The posterior predictive pvalue (PPP) provided a measure of adequate (~0.5) or inadequate (<0.1 or >0.9) model
fits with respect to DO, while R2 >0.9 for modelled and observed DO concentrations also
indicated adequate fits (Gelman et al. 1996, Grace et al. 2015). There were 40 days when
R2 <0.9 and 76 days of poor fitting plots resulting in a total of 1328 days of good model
fits out of 1444 daily runs. Relationships between ER and K and between GPP and 𝑝
were assessed (Supplemental fig. 2 and 3)
Interpolation of model results
When model fits were poor or when time gaps occurred in data, we interpolated
metabolism model results to reduce the uncertainty of our analyses as interpolating DO
values would have required the estimation of 96 values per day of missing data (24 h ∙ 4
values/h) versus the estimation of two (GPP and ER) missing metabolism values per day.
We used the Dynamic Harmonic Regression (DHR) function in the CAPTAIN toolbox
(Taylor et al. 2007) to interpolate missing GPP and ER values for 28.7% of the total days.
For this, we calibrated the noise variance hyper-parameters (i.e., periodic behavior and
model spectrum) used in the DHR function using the Monte-Carlo Analysis Toolbox
(Wagener et al. 2007) with iterations seeking to minimize the root mean square error
between the model generated by DHR for a given year and the respective BASE v2
model simulations available. For time gaps greater than 7 days, we constrained the model
to the highest or lowest metabolism values available from other years depending on the
trend increasing or decreasing for that year prior to the time gap. The longest time gap
filled was 40 days that occurred during July and early August in 2009. Single day time
gaps were filled using linear interpolation.
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Data analysis
We analyzed metabolism on daily (i.e., Julian Day), seasonal, and cumulative
time scales. Cumulative values were calculated for three scales: (1) Annual cumulative
values were analyzed across the same date range each year, Julian Day 139-306 (May
19th – November 9th) even though sondes were deployed and removed on different days
due to changes in freezing and thawing patterns; (2) Seasonal cumulative values as spring
(Julian Day 139-151; May 19th – May 31st), summer (Julian Day 152-243; June 1st –
August 31st) and fall (Julian Day 244-306; September 1st – November 2nd). These values
were reset for each season to reflect metabolism within a specific season; and (3)
Cumulative snowmelt discharge from Julian Day 32 to 151 was estimated for the EFJR to
explore potential relationships of the entire snowmelt period with ENSO categories and
Oceanic Niño Index.
Time series data were analyzed within and across years to identify seasonal and
inter-annual trends in stream metabolism and environmental variables (e.g., Q, PAR).
Seasonal averages in parameters were taken for spring, summer and fall with variability
expressed as the coefficient of variation (% CV). To explore drivers of variability in
stream metabolism, we performed linear regressions at two time scales (seasonal average,
annual cumulative) between discharge and/or PAR and GPP and/or ER across seasons
and years. Similarly, responses of seasonal mean GPP and ER to water quality variables
were explored using linear regressions. The coupling of seasonal cumulative GPP and ER
was explored through linear regressions. Two statistical tests were used to relate
cumulative snowmelt discharge with ENSO: (1) Cumulative snowmelt discharge was
tested as a proxy for ENSO category using a two-sample t-test between EN and LN
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groups; and (2) A linear regression with cumulative snowmelt discharge as the dependent
variable and the Oceanic Niño Index as the independent variable. We performed linear
regressions for spring cumulative ER, GPP and NEP against the Oceanic Niño Index and
two-sample t-tests for GPP, ER and NEP by ENSO category to test the potential linkage
between metabolism parameters and large-scale climate patterns. Normality and outliers
in these data were tested using Shapiro-Wilks and qq-plot (package ‘Car’) and Cook’s
distance (R Core Team 2015) along with the Bartlett test of homogeneity of variances for
the t-test (Bartlett 1937). Spearman rank correlation tests were used to assess for ER and
K relationships that can be indicative of equifinality (Supplemental fig. 2). Statistical
analyses were performed, and graphs constructed in R (R Core Team 2015) and MatLab
(R2019a).
RESULTS
Variation in GPP and ER signals due to seasonality and physicochemical variables
Seasonal differences in daily and average metabolism values: Maximum daily
GPP values in the spring varied, with low (4.0 to 5.3 gO2 m-2 d-1) values during some
years (2006-LN, 2009-LN, 2010-EN, 2011-LN) and high (7.5 to 8.6 gO2 m-2 d-1) values
in others (2005-EN, 2007-EN) (Fig. 3C). Maximum daily GPP values in summer also
differed widely among years (4.9 to 8.6 gO2 m-2 d-1), and in some years (2005, 2007,
2008), peak summer values were lower than peak values that occurred during the spring
(Fig. 3C). At the onset of fall, maximum daily GPP values ranged from 1.8 in 2005 to 5.9
gO2 m-2 d-1 in 2007 and consistently declined with time, converging to similar values
(daily values ranging from 0.8 to 1.5 gO2 m-2 d-1) by the end of the growing season (Fig.
3C).
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During some years (2006-LN, 2010-EN, 2011-LN), maximum daily ER values
were relatively low (-3.5 to -4.1 gO2 m-2 d-1) in spring, while during other years (2005EN, 2007-EN) larger values (-8.5 to -10.6 gO2 m-2 d-1) occurred (Fig. 3C). The range for
the maximum summer daily rate of ER was smaller (-4.4 to -7.3 gO2 m-2 d-1) than that
observed during spring. At the start of fall, daily ER values were variable, ranging from 2.6 in 2008-LN to -5.9 gO2 m-2 d-1 in 2007-EN but, as with GPP, converged to similar
lower values with time (daily values ranging -0.0 to -0.7 gO2 m-2 d-1) (Fig. 3C).
In the spring, daily net ecosystem production (NEP) values suggested
heterotrophy in 2005-EN (-1.7 gO2 m-2 d-1) and autotrophy in nearly all other years (1.1 –
2.0 gO2 m-2 d-1 in 2008, 2009, 2010, and 2011). NEP in 2007-EN was neither
heterotrophic nor autotrophic (0.0 gO2 m-2 d-1). In the summer, daily NEP ranged
between -4.0 in 2005 and 4.0 gO2 m-2 d-1 in 2009 (both heterotrophic and autotrophic
behavior), with a higher variability in the range of values than those observed in spring.
In early fall, daily NEP values ranged from -1.3 in 2005-EN to 0.9 gO2 m-2 d-1 in 2009LN. Values were generally positive towards the end of the fall, converging to ~0.2 gO2
m-2 d-1.
Seasonal mean GPP and ER values were highest during spring or summer,
depending on the year, and were consistently lower in fall (Table 1). Across all seasons,
minimum and maximum seasonal mean GPP values occurred in EN years (fall of 2005
and spring of 2007, respectively). The minimum seasonal averaged ER occurred in a LN
year (fall of 2008) and the maximum during an EN year (spring of 2005). Seasonal mean
GPP and ER were more strongly related in spring (r2=0.83, p-value=0.004, n=7) and fall
(r2=0.57, p-value=0.04, n=7) than in summer (r2=0.44, p-value=0.1, n=7). Average NEP
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values in spring, summer, and fall were 1.0 ± 2.1, 0.7 ± 0.3, and 0.4 ± 0.3 gO2 m-2 d-1,
respectively.
Relationships between GPP, ER signals and physicochemical variables: We
found no significant relationships between seasonal mean water quality values (turbidity,
specific conductivity, pH) and daily ER or GPP (Supplemental figs. 4-6) for spring,
summer and fall (all p-values were >0.05, n=7).
Variation in seasonal and annual cumulative metabolism values and trophic
status: Seasonal cumulative GPP (Fig. 4B) for the spring season had higher across-year
variation (CV=31%; 40 – 96 gO2 m-2 range bounded by 2010-EN and 2007-EN)
compared to summer (CV=22%; 303 – 515 gO2 m-2 range bounded by 2005-EN and
2009-LN) and fall (CV=26%; 101 – 191 gO2 m-2 range bounded by 2008-LN and 2007EN). Additionally, there was a 49% difference in annual cumulative GPP values with the
highest value in 2007-EN (790 gO2 m-2) and lowest in 2005-EN (480 gO2 m-2) (Fig. 4B).
Seasonal cumulative ER (Fig. 4B) for the spring had higher across year variation
(CV=46%; -35 – -98 gO2 m-2 range bounded by 2011-LN and 2005-EN) compared to
summer (CV=19%; -276 – -481 gO2 m-2 range bounded by 2008-LN and 2007-EN) and
fall (CV=17%; -97 – -160 gO2 m-2 range bounded by 2008-LN and 2007-EN). Like GPP,
there was an ~50% difference in annual cumulative ER values with the highest value in
2007-EN (-737 gO2 m-2) and the lowest values in 2008-LN and 2010-EN (both
approximately -440 gO2 m-2) (Fig. 4B). Seasonal cumulative NEP ranged from -22 to 18
gO2 m-2 in spring, -86 to 149 gO2 m-2 in summer, and -30 to 39 gO2 m-2 in fall. Annual
cumulative NEP ranged from -138 to 222 gO2 m-2 occurring in 2005-EN and 2009-LN,
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respectively. NEP during the growing season was predominately positive across years
(i.e., net autotrophic system).
When analyzing seasons across years, autotrophic conditions dominated in spring
(75%, 69 of 92 d) and persisted in summer (65%, 420 of 644 d) and fall (71%, 312 of 440
d). However, heterotrophic conditions dominated in year 2005-EN for spring (92%, 12 of
13 d), summer (99%, 91 of 92 d) and fall (81%, 12 of 63 d). Within each year, ER and
GPP were strongly coupled resulting in a near linear increase in both variables (Fig. 5);
however, divergence from the 1:1 line occurred in spring in 2005 and 2009 and summer
in 2008 and 2009. The slope of this relationship varied across years, ranging from -0.66
in 2009-LN (r2=0.77) to -1.22 in 2005-EN (r2=0.83). Only two of the seven years had
slopes greater than -1, 2005 (slope = -1.22, r2=0.83, EN) and 2007 (slope = -1.1, r2=0.9,
EN).
The impact of spring snowmelt discharge on metabolism
Links between stream metabolism and discharge/ENSO: At the seasonal time
scale, there was a significant relationship between mean ER and Q in the spring (r2=0.67,
p-value=0.025, n=7) (Fig. 6A). At the seasonal time scale, GPP and Q were not related
during the spring (r2=0.32, p-value=0.19, n=7, Fig. 6B). Mean NEP in spring was
strongly related to mean Q in spring (r2=0.83, p-value=0.004, n=7, Fig. 6C). A twosample t-test showed that spring cumulative discharge, when grouped by EN or LN
category (Fig. 2B), was higher in EN (4.89 ×106 m3) versus LN (1.98 ×106 m3) years (pvalue=0.048, n=7). However, there were no significant relationships between spring
cumulative ER, GPP, or NEP and ENSO category.
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DISCUSSION AND CONCLUSIONS
We analyzed seven years of data collected from the growing season (May to
November) to quantify temporal variability of metabolism that occurs within a site and to
explore both local physicochemical and broad scale climatic drivers of this variability. In
the following discussion, we use this long-term continuous record to explore patterns that
require multiple years of data in a system that is particularly well suited for examining
inter-annual variability and large-scale climate drivers of stream metabolism.
Furthermore, where appropriate, we place our findings into a recently developed
conceptual framework of metabolic regimes in lotic ecosystems discussed above, which
identified light, temperature, and disturbance regimes as being primary drivers of GPP
and ER in stream ecosystems, with nutrient and resource availability becoming important
when other factors are not limiting (Bernhardt et al. 2018).
Seasonal variation in metabolic signals and relationships to physicochemical variables
Spring: The spring peaks in ER and GPP observed during some years were
unanticipated and were contrary to our hypothesis that metabolism values would peak
during summer months along with PAR. This finding suggests that some factor or
combination of factors present during the snowmelt pulse stimulate production and
respiration during some years. While springtime ER and GPP is high in streams in
deciduous forests prior to leaf emergence due to higher light availability (Acuña et al.
2004, Roberts et al. 2007), the absence of riparian woody vegetation along the EFJR and
the lack of significant relationship between spring PAR and either GPP or ER
(Supplemental fig. 4) suggest that factors other than light availability are responsible for
spring metabolism; for example, snowmelt and its associated increased erosion may bring
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more nutrients into the stream, priming metabolism. Additionally, while physical
disturbances in some snowmelt-driven montane stream ecosystems depress GPP and ER
(Uehlinger et al. 1998), the opposite trend in the EFJR suggests that minimal scouring
occurs in this low-gradient, high sinuosity channel. Thus, we suggest that, as predicted by
the conceptual framework proposed by Bernhardt et al. (2018), in this non-light limited
and low disturbance system, the cause of these spring metabolism peaks is an increased
metabolic response to the snowmelt-induced provisioning of resources, similar to the
response of ER to snowmelt in Demars (2019). While this study did not include
continuous collection of inorganic nitrogen or dissolved organic carbon data during the
period of study, studies in the EFJR and other streams support this hypothesis (Pellerin et
al. 2012, Sherson et al. 2015). In the EFJR, continuous nitrate data collected during April
and October in 2011 documented flushing of nitrate to the stream during precipitation
events that were linked to small increases in discharge (Sherson et al. 2015).
Additionally, other studies have documented snowmelt-related inputs of nitrate (Pellerin
et al. 2012) and dissolved organic carbon (Boyer et al. 1997) from near-stream
environments such as the zone of intermittent saturation and shallow alluvial aquifers
(Valett et al. 1997, Baker et al. 2000). Furthermore, elevated flows convey organic matter
into the hyporheic zone where it fuels the heterotrophic community and increases ER
(Metzler et al. 1990). Similar increases in ER (and GPP) occurred during spring flows in
high-gradient alpine streams (Ulseth et al. 2018). However, a clear understanding of the
underlying mechanisms responsible for these increases is lacking. Thus, we hypothesize
that during years with greater snowfall, which in this region is linked to large-scale
climate patterns, greater spring flows result in a fertilization effect on stream metabolism.
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Testing this hypothesis requires the collection of regular nutrient and organic matter data
in addition to metabolism estimates in the spring period.
Summer: The general decline in ER and GPP in late spring, and the subsequent
slow, steady increase in summer likely reflects a return to baseflow resource inputs
following elevated spring flows and a subsequent increase in biomass production with
increasing day period, similar to other open-canopy streams (Roley et al. 2014).
Abundant light availability in this system during summer promoted predominately
autotrophic conditions (65% of the time), and the strong linear relationship during most
years between daily ER and GPP may be due to the importance of respiration by
autotrophs, the dependence of heterotrophic activity on autochthonous organic carbon
production, or a combination of both factors (Fig. 5). Autochthonous organic matter fuels
ecosystem respiration in other open-canopy streams through the rapid heterotrophic
uptake of algal exudates (Minshall 1978, Vannote et al. 1980, Hotchkiss et al. 2015, Hall
2016), resulting in similar tightly coupled daily ER and GPP values (Hotchkiss et al.
2014, Hall 2016, Arroita et al. 2019). Interestingly, while the EFJR had high rates of
primary production and while PAR is expected to be a primary driver of GPP in opencanopy streams (Lamberti and Steinman 1997), we found limited evidence for a positive
relationship between PAR and GPP during the summer months (Supplemental fig. 5). We
hypothesize that a primary factor weakening this relationship is light saturation given the
high elevation (~2590 m) and long periods of direct sunlight at this site. These conditions
result in asymptotic relationships between GPP and PAR (Young et al. 1996, Acuña et al.
2004). Furthermore, we found evidence of light saturation in the estimated 𝑝 parameter,
which averaged 0.5, and rarely approached a threshold of 𝑝 =1.0 that would otherwise
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indicate a linear relationship between GPP and PAR (Supplemental fig. 3). Alternatively,
the lack of relationship between GPP and PAR could be influenced by geomorphic
shading by banks as the channel is moderately incised, or by the growth of riparian
sedges and grasses during the summer months. This is particularly relevant due to the
north/south orientation of the stream within the study reach. Instances of substantial light
limitation due to increases in turbidity were only observed following a large flow event in
2006 and the catastrophic wildfire in 2011 (Dahm et al. 2015, Reale et al. 2015),
confirming the limited role of erosive, overland flow events, in controlling metabolism in
this relatively low gradient grassland watershed.
Fall: As expected, we also observed reduced GPP rates; however, the shift in
trophic status from autotrophy to heterotrophy reported in the fall in other lotic
ecosystems (Uehlinger 2000, Griffiths et al. 2013) was not detected in the EFJR. This
may be related to minimal allochthonous inputs in the EFJR as compared to those found
in areas with deciduous forests (Roberts et al. 2007). Additionally, conditions remain
favorable for primary production in the EFJR, including high PAR due to minimal fall
cloud coverage in New Mexico, limited surface ice formation due to relatively high daytime temperatures, minimal physical disturbance, tight coupling of GPP and ER, and
efficient internal cycling of nutrients (Van Horn et al. 2012).
Variability in cumulative metabolism values and trophic status
Contrary to our original hypothesis, our study found that whole-stream
metabolism parameters varied widely across years at a single stream site with respect to
annual trophic status (autotrophic versus heterotrophic, Fig. 5) and cumulative annual
metabolism values (cumulative GPP and ER, Fig. 4B). The observed inter-annual shifts
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from heterotrophic to autotrophic conditions suggest that variation in trophic status can
occur even in hydrologically stable streams in which disturbance occurs infrequently.
Interestingly, these results suggest that contrary to earlier predictions (e.g., Minshall
1978, Vannote et al. 1980), open-canopy, high-productivity streams are not consistently
autotrophic. Instead, these streams are most frequently heterotrophic as suggested by
recent studies (Hall et al., 2016). Thus, as suggested in other recent stream metabolism
studies ((Roberts et al. 2007, Beaulieu et al. 2013), within-stream variation in trophic
status can be substantial at the sub-year and multi-year scale and cannot be inferred from
brief snapshots taken in short-term stream metabolism studies. This suggests that
designating streams as autotrophic or heterotrophic strongly depends on the timescale
measured.
The drivers of this observed interannual variation in trophic status appear to be
complex. Factors that influence one component of the metabolic regime (ER or GPP)
may have either similar or opposite impacts on the other component, resulting in either
coupling or decoupling of these two signals. For example, the largest spring snowmelt
years (2005-EN and 2007-EN) in the EFJR that occurred during the seven years of this
study appeared to stimulate ER greater than GPP, possibly through an input of nutrients
and organic matter resources from near-stream, organic-rich soils as recently documented
in other streams (Demars 2019). Similar, Uehlinger (2006) found differential impacts of
disturbance on GPP versus ER that likely result from the partial physical separation of
primary producers and heterotrophic communities in streams. Primary producers are
commonly found on benthic surfaces that receive incoming light, while heterotrophic
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communities both co-occur with the primary producers and are also found in abundance
in subsurface compartments and fine-grained pool sediments.
The drivers of year-end cumulative GPP and ER values appear to be similarly
complex, as metabolic peaks and troughs occur throughout the year. In the EFJR, we
observed a large peak (multiple consecutive days with elevated values) in ER and GPP in
the spring of 2007-EN, potentially linked to fertilization resulting from a larger snowmelt
pulse. Additionally, a single large summer peak in GPP and ER attributable to increased
solar radiation and temperatures occurred near the summer solstice of 2007 (Fig. 3). In
contrast, there was a very small spring increase in ER and GPP following minimal
snowpack-related runoff in 2009-LN, but two distinct peaks occurred during the summer
for GPP and only one peak for ER (Fig. 3). Consequently, while the year-end cumulative
values for GPP were similar in 2007-EN and 2009-LN, the drivers appeared to be
different (Fig. 4). Significant discharge-related interannual variability in stream
metabolism values also has been described in other montane, snowmelt-dominated
streams that experience minimal scouring (Ulseth et al. 2018). High snowmelt years were
correlated with increases in ER, likely related to resource inputs associated with
snowmelt pulses (Ulseth et al. 2018). Together, these results suggest that a wide variety
of factors lead to interannual variability in stream metabolism. Thus, while our sevenyear data set is comparatively long in duration, many additional years of observations and
the measurement of additional variables such as nutrients (Pellerin et al. 2012, Rode et al.
2016) and organic matter (Jones et al. 2014) (Ruhala et al. 2017) will be required to
definitively link patterns to underlying mechanisms.
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Linkages between stream metabolism and large-scale climatic patterns
High elevation streams are commonly influenced by snowpack and subsequent
snowmelt, creating a distinct hydro-climatic relationship. In the southwestern U.S., this
relationship is influenced by ENSO patterns (Molles et al. 1990, Pascolini-Campbell et
al. 2015), which impact winter precipitation and subsequent snowmelt-related water
resources. The relationship that we observed between ER and GPP values and the
variation in ENSO-related total spring discharge (i.e., higher volumes and increased
duration for EN years and vice versa during LN years) suggests that large-scale climate
drivers can influence ecosystem respiration in the spring (Fig. 6). The impacts, however,
were the opposite of those that we initially hypothesized. Ulseth et al. (2018) also found
that inter-annual variability in the magnitude of snowmelt discharge influenced carbon
cycling processes with shifts between export and mineralization during high and low flow
years, respectively. Additionally, hydrologic models of climate change scenarios predict
the timing of snowmelt to have substantial effect on in-stream carbon processing by
enhancing inter-annual variation (Davis et al. 2013). As precipitation increasingly shifts
from snowfall to rainfall in the western U.S. due to climate change (Knowles et al. 2006)
and snowmelt occurs earlier in the year (Chavarria et al. 2018), understanding the links
between stream ecosystem function and global climate patterns is an important part of
determining how climate change will impact the structure and function of stream
ecosystems.
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FIGURES

Figure 1: Location of study stream (East Fork Jemez River) and nearby meteorological
and discharge sites in the Valles Caldera National Preserve and Jemez River in northcentral New Mexico, USA.
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Figure 2: A) East Fork Jemez River (EFJR) daily discharge (m3 s-1) during spring
snowmelt from Julian day 32 to 181 categorized by year. B) Cumulative discharge (m3)
for the snowmelt period grouped by the El Niño (EN, n=3) and La Niña (LN, n=4) years.
Middle horizontal line represents the median in boxplots.
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Figure 3. Time-series for daily measurements in the East Fork Jemez River. Mean daily
(A) estimated discharge (Q – m3 s-1), (B) turbidity (NTU), and (C) daily gross primary
production (GPP – gO2 m-2 d-1) and daily ecosystem respiration (ER – gO2 m-2 d-1). The
abscissas for all years (2005-2011) begins on May 19th and ends on Nov. 2nd representing
the growing season. Seasonal transitions are noted with a vertical dashed and dotted line
for the beginning of summer and fall, respectively. El Niño years are noted with a linedot, La Niña years are a solid line.
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Figure 4. Time series of daily cumulative values of (A) discharge (m3) and (B) gross
primary production (GPP – gO2 m-2) and ecosystem respiration (ER – gO2 m-2) in the
East Fork Jemez River. Seasonal transitions are noted with a vertical dashed line and
dotted line for the beginning of summer and fall, respectively. El Niño years are noted
with a thicker line-dot, La Niña years are a solid line.

42

Figure 5: Ecosystem respiration (ER) versus gross primary production (GPP) shows
within year variation in heterotrophic and autotrophic conditions. The 1:1 line is
displayed in black and seasons categorized by shape.
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Figure 6: Mean spring (Julian Day 139 to 151) (A) ecosystem respiration – ER, (B) gross
primary production – GPP and (C) net ecosystem production (NEP) in gO2 m-2 d-1 versus
daily average Q (m3 s-1) for years 2005 – 2011. A strong linear relationship for ER (r2=
0.67, p-value=0.025, slope=-6.17, intercept=-2.43, n=7) and NEP (r2= 0.83, pvalue=0.004, slope=-3.13, intercept=1.31, n=7) against Q is seen, but not for GPP
(r2=0.32, p-value=0.19, n=7).
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SUPPLEMENTAL FIGURES

Supplemental Figure 1. A) Rating curve developed for stage from field measurements of
discharge (Q) at the stilling well on the East Fork Jemez River (n=11) from 2008 to 2012.
B) Comparison of estimated Q to measured Q (n=11) from 2008 to 2012. C) Comparison
of stream depth estimated from an extrapolation function with measured stream depth (m)
averaged over riffle, run, and pool habitats on the East Fork Jemez River. Goodness of fit
(r2=0.68) was significant (p-value=0.007).
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Supplemental Figure 2. Relationship between ecosystem respiration (ER – g O2 m-2 d-1)
and reaeration (K – d-1) from 2005 to 2011 (left panel; 𝜌=0.36) and separately in order by
year (right panel; 𝜌=0.40, 𝜌=0.10, 𝜌=0.33, 𝜌=0.35, 𝜌=0.37, 𝜌=0.58, 𝜌=0.68,
respectively) with Spearman’s rank correlation coefficients.
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Supplemental Figure 3. Relationship between gross primary production (GPP – g O2 m-2
d-1) and the coefficient 𝑝 that describes the efficiency of light used and degree of
saturating photosynthesis across years (2005-2011).
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Supplemental Figure 4. Spring average ER and GPP against water quality parameters;
turbidity – NTU, photosynthetically-active radiation – PAR mol m-2 d-1, water
temperature – C˚, specific conductivity – mS cm-1. Spring season ranged from May19th
to May 31st, for 2005 – 2011, n=7.
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Supplemental Figure 5. Summer average ER and GPP against water quality parameters;
turbidity – NTU, photosynthetically-active radiation – PAR mol m-2 d-1, water
temperature – C˚, specific conductivity – mS cm-1. Summer season ranged from June 1st
to Aug. 31st, for 2005 – 2011, n=7.
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Supplemental Figure 6. Fall average ER and GPP against water quality parameters;
turbidity – NTU, photosynthetically-active radiation – PAR mol m-2 d-1, water
temperature – C˚, specific conductivity – mS cm-1. Fall season ranged from Sept. 1st to
Nov. 2nd for 2005 – 2011, n=7.
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TABLE
Table 1: Seasonal gross primary production (GPP), ecosystem respiration (ER) and reaeration (K) values
from 2005 to 2011. Seasons were identified by Julian day; spring (139-151), summer (152-243) and fall
(244-306). Range represents overall values for all seasons from 2005 to 2011. EN and LN represent El
Niño and La Niña years and [min, max] qualitatively describe in what type of year a minimum and
maximum occurred.

Mean (SD)
Year
2005 (EN)

Season
spring
summer
fall

GPP (gO2 m-2 d-1)
5.79 (1.02)
3.29 (0.63)
1.61 (0.43)

ER (gO2 m-2 d-1)
7.50 (0.65)
4.23 (0.99)
2.09 (0.85)

K (d-1)
6.02 (0.50)
4.87 (0.96)
5.38 (1.46)

2006 (LN)

spring
summer
fall
spring
summer
fall
spring
summer
fall
spring
summer

3.83 (0.36)
4.90 (1.61)
2.87 (0.95)
7.41 (0.43)
5.46 (0.92)
3.04 (1.21)
5.56 (1.08)
3.47 (0.90)
1.63 (0.61)
3.89 (1.88)
5.60 (2.05)

3.22 (0.21)
4.61 (1.35)
2.25 (1.50)
7.42 (1.19)
5.22 (0.75)
2.54 (1.60)
5.00 (0.72)
3.00 (0.70)
1.57 (0.77)
3.39 (1.35)
3.99 (1.79)

3.52a (NA)
5.22 (1.95)
6.25 (0.79)
6.61 (0.58)
5.50 (0.80)
5.83 (0.89)
7.48 (1.13)
5.53 (0.81)
5.36 (0.77)
9.04 (1.98)
6.84 (1.41)

fall
spring
summer
fall
spring
summer
fall
spring
[min-max]
summer
[min-max]
fall
[min-max]
Range
[min-max]

2.74 (1.39)
3.05 (0.47)
3.68 (0.76)
2.10 (0.80)
4.14 (0.48)
4.91 (1.05)
2.18 (0.68)
4.81 (1.51)
[EN-EN]
4.47 (0.97)
[EN-LN]
2.31 (0.58)
[EN-EN]
1.61 - 7.41
[EN-EN]

2.08 (1.47)
2.76 (0.71)
3.25 (0.76)
1.67 (0.61)
2.72 (0.66)
4.58 (0.87)
1.88 (0.78)
4.57 (2.11)
[LN-EN]
4.13 (0.79)
[LN-EN]
2.01 (0.34)
[LN-EN]
1.57 - 7.50
[LN-EN]

5.79 (1.19)
6.45 (0.45)
6.39 (0.86)
5.04 (1.08)
5.15 (0.68)
5.69 (0.95)
4.71 (0.53)
6.53 (1.60)
[LN-LN]
5.72 (1.27)
[EN-LN]
5.44 (1.05)
[LN-LN]
4.71 - 9.04
[LN-LN]

2007 (EN)

2008 (LN)

2009 (LN)

2010 (EN)

2011 (LN)

2005-2011

a

K average is from 2 values in spring 2006, GPP and ER were interpolated. See methods for explanation.
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ABSTRACT
Globally, aridlands comprise one third of the terrestrial land mass, however,
limited research has been conducted on the streams and rivers that drain these regions.
This is particularly true for measurements of whole stream metabolism (gross primary
production – GPP, ecosystem respiration – ER), a knowledge of which is fundamental for
understanding and managing these systems. Aridland rivers are characterized by flashy
hydrographs, high turbidity levels, variable flow, and overallocated water resources, all
of which create temporally and spatially complex ecosystems with likely impacts to
metabolism. Two years of whole-stream metabolism estimates were generated at three
sites spanning ~93 river km along the Rio Grande in New Mexico, USA, to assess the
variability in GPP and ER across and within sites at daily and seasonal timescales. This
river is a 7th order aridland system with longitudinally varying discharge,
geomorphology, and anthropogenic impacts. Differences in substrate type and
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geomorphology across sites resulted in spatially and temporally variable patterns in
whole stream metabolism. At the upstream site, GPP peaked (daily – 2.2 gO2 m-2 d-1,
monthly average – 1.6 gO2 m-2 d-1) in-phase with light availability and turbidity during
summer. At the middle site, GPP peaked either in the fall, or at multiple points through
the summer/fall (daily and monthly peak values of 2.9 gO2 m-2 d-1 and 1.7 gO2 m-2 d-1,
respectively), depending on discharge (GPP was reduced when discharge exceeded 30 m3
s-1). At the most downstream site, GPP predictably peaked during fall (daily and monthly
peak values of 2.2 gO2 m-2 d-1 and 1.2 gO2 m-2 d-1, respectively) when both discharge and
turbidity were low. Autotrophy was common at the middle site, which has coarse cobble
substrate, while heterotrophy was associated with the fine-grained sand and silt substrates
found at the upper and lower sites. Annual average GPP and ER rates were low and
comparable to small order, forested streams; however, peak daily GPP rates occurring in
summer and fall were comparable to other open canopy (summer peaking GPP) streams
and rivers, suggesting aridland rivers are relatively productive ecosystems regardless of
the timing of peak GPP. In this aridland river, a combination of discharge, turbidity,
geomorphology, and substrate type are key determinants of daily GPP and trophic
conditions.
Keywords: aridland river, metabolism, snowmelt discharge, summer monsoon, timeseries, geomorphology
INTRODUCTION
Aridlands comprise approximately one third of the terrestrial land mass on Earth
(Graf 1988) and are highly susceptible to anthropogenic impacts and changing climatic
conditions (Seager et al. 2007, D’Odorico et al. 2013, Gutzler 2013). The climate in these
regions is characterized by limited precipitation, high rates of evaporation, and low
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humidity (Gutzler 2004). When precipitation events occur, they are often high intensity
and result in significant erosion (Schumm et al. 1957). Rivers in these regions are notable
for their widely variable flow regimes, high levels of turbidity, highly regulated flows,
and overallocated water resources (Puckridge et al. 2000, Thoms et al. 2000, Bunn et al.
2003).
In the Southwest USA, periods of high discharge occur in response to long
duration snowmelt at higher elevations, whereas short-lived, abrupt pulses of flow result
from high intensity monsoon precipitations events in the summer (Sheppard et al. 2002).
Inter-annual discharge variability in these regions is driven by large-scale climate
patterns including the El Niño-Southern Oscillation and other oceanic-atmospheric
interactions (Molles et al. 1990, Sheppard et al. 2002, Tootle et al. 2005). The intra- and
inter-annual variation in flow alters hydrologic flow paths and surface and groundwater
connectivity, with accompanying changes to biogeochemical processing (Dahm et al.
2003). Together, high annual variability in physicochemical conditions influences
productivity in arid rivers, resulting in “boom and bust” aquatic food webs (Bunn et al.
2003). While aridland river systems are globally abundant, knowledge of river
metabolism in these systems is lacking compared to mesic systems. This understanding
of aridland aquatic ecosystems is important to determine resources available to food
webs, predict responses to climate and anthropogenic change, and to ensure ecosystem
health of these systems.
Studies primarily conducted in headwater streams in mesic climates have
identified light availability, discharge, temperature, and nutrient concentrations as the
primary drivers of ecosystem metabolism (gross primary production – GPP, ecosystem
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respiration – ER) (Bernhardt et al. 2018). A recent effort to synthesize stream metabolism
data from across the United States suggests that GPP typically peaks in either the spring
or summer with the potential of other temporal patterns to emerge (Savoy et al. 2019);
however, only 4% of the sites included in this analysis drain arid landscapes. Yet,
aridland rivers differ from other riverine systems in that during periods when light
availability is high (Lamberti et al. 1997), high levels of turbidity limit light for benthic
biofilms (Bunn et al. 2003, Fellows et al. 2009, Hall et al. 2015) and phytoplankton
(Oliver et al. 2006).
Studies of metabolism in aridland rivers, which have predominately been
conducted in Australian catchments at short time scales, have found rates of benthic or
planktonic primary production comparable to mesic rivers (Bunn et al. 2003, Vink et al.
2005, Oliver et al. 2006, Fellows et al. 2009). However, these studies have also
documented the importance of extreme discharge events that drive ‘boom and bust’
cycles of benthic primary producers (Bunn et al. 2003), temporarily shifting the trophic
status (GPP:ER) of aridland rivers (Oliver et al. 2006, Cook et al. 2015). Additionally,
transitions in trophic status and changes in rates of GPP and ER along aridland rivers
occur as a result of longitudinal differences in driving variables including increases in
water temperature, water residence time, and nutrient availability with distance
downstream (Vink et al. 2005). Finally, dams constructed for water supply, hydropower
and flood control are common in aridland rivers and have significant impacts on water
clarity (Hall et al. 2015), flow regimes (Poff et al. 1997), and the transport of organic
matter from upstream sources (Ulseth et al. 2015, Rohlfs et al. 2016). Together, these
characteristics of aridland river systems likely influence the seasonality (Oliver et al.
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2006) and spatial distribution (Vink et al. 2005) of metabolic rates; however, studies
available in these systems are short-term and have not captured a wide range of
discharges.
The Middle Rio Grande (MRG) is the portion of the Rio Grande between the US
Geological Survey (USGS) Otowi Gage and Elephant Butte Reservoir, in New Mexico,
USA. This is a 7th order, aridland river, with longitudinally varying discharge,
geomorphology, and anthropogenic impacts. Along the MRG, riverbed substrate and
turbidity vary due to influences from impoundments and tributary inputs. Interannual
variation in discharge is driven by large-scale climate patterns including the El NiñoSouthern Oscillation (Molles et al. 1990) and the North American Monsoon (Gutzler
2004). During wet years, long periods of elevated flow occur during spring snowmelt,
and short pulses of flow result from high intensity monsoons in summer. During dry
years, low flows persist in the summer following a reduced snowmelt period and
diversion of water for irrigation, resulting in river fragmentation, increased water clarity,
and longer residence times. All of these factors, many of which are common in aridland
rivers, likely influence the spatial and temporal patterns in stream metabolism.
The physicochemical heterogeneity of aridland rivers from natural and
anthropogenic disturbance create temporally and spatially complex ecosystems. Yet, the
influence of this variability on stream metabolism has not been assessed to determine
ecotype specific patterns and to compare metabolism in aridland rivers to that in more
well described mesic systems. The goal of this research was to quantify the extent of
spatiotemporal variability in GPP and ER at sites along approximately 90 km of the MRG
with differing geomorphic characteristics. We used two consecutive years of continuous
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water quality data at three sites along the Rio Grande to estimate metabolism. The
specific research questions were: (1) How do rates of GPP and ER vary at daily and
seasonal time scales within and across sites? (2) How do GPP and ER respond to
physicochemical conditions and are these responses similar across sites? (3) What trophic
status predominates at each site and how does trophic status shift temporally within a
site?
METHODS
Study sites
We selected study sites on the Middle Rio Grande (MRG) to include a wide range
of spatial variation in river geomorphology (i.e., channel and floodplain characteristics
and sediment type) across sites, and based on the availability of continuous surface water
quality and ancillary environmental data from long-term monitoring programs. The three
observation sites chosen encompass an ~93 km (Fig. 1). The upstream, northern-most
site, Cochiti (35°40'20.66", 106°18'23.04"), is located upstream of Cochiti Dam and
Reservoir. This reach runs through an undeveloped area with deep and narrow canyons.
The middle site, Bernalillo (35°19'19.53",106°33'26.87"), is located at the U.S. Route
550 Bridge in Bernalillo, NM. This site is positioned at the transition from predominately
non-irrigated range and forest land to urban land-use as well as a shift in geomorphology
(Ortiz 2000). The downstream site, Rio Bravo (35° 1'38.15",106°40'21.61"), is located at
the Rio Bravo Bridge in Albuquerque, NM, where land-use is predominately urban.
The general hydrogeomorphic characteristics along the reach that spans our study
sites include an increase in river width, and a decrease in depth with distance
downstream. The river and floodplain along this reach historically shifted from being
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constrained by narrow canyons upstream, to being wide, braided and unconstrained
downstream (Scurlock 1998), with connection between river and floodplain. However,
the construction of levees in the mid-20th century restricted the floodplain in the
downstream segment of the river to prevent avulsion and flooding to the city of
Albuquerque. After the completion of Cochiti Dam in 1973 to control floodwater from
the Rio Grande and retain sediment, the channel downstream of the dam, which extends
26 km to the middle site, has undergone considerable alterations including; channel
incision and reduction in the active width from 275 m to 90 m, coarsening of riverbed
substrate, loss of channel migration and braiding, and straightening of the channel
(Lagasse 1980, Richard et al. 2005, Swanson et al. 2011). At most discharge levels the
two upstream sites have a single channel while the downstream site is often braided,
although the upper site is more sinuous with the presence of side channels. Average
discharge decreases in the downstream direction due to irrigation withdraws,
evapotranspiration losses, and groundwater recharge (Cleverly et al. 2002, Dahm et al.
2002, McAda et al. 2002). Additionally, sediment type varies across sites from sand-siltclay at Cochiti (USACE 2013) to armored gravel-cobble at Bernalillo (Massong et al.
2006) to fine grain sand-silt at Rio Bravo as characterized by USGS field surveys. Due to
this range in sediment type and size, the riverbed is most stable at the middle site
(Bernalillo), while the riverbed is highly mobile at the lower site (Rio Bravo) where fine
grain sediments predominate.
A number of major tributaries flow into the Middle Rio Grande, which is a
seventh order river through this reach. Major tributaries with ephemeral flow include
canyons above and below Cochiti, the Jemez River which is between the Cochiti and
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Bernalillo sites (~7.2 km upstream of Bernalillo), and the North Diversion Channel, a
conveyance channel that routes urban stormwater runoff and sediment into the Rio
Grande (~25.3 km upstream of Rio Bravo). Historically, the annual discharge pattern in
this reach is bimodal, with peaks associated with higher elevation snowmelt in spring and
from high intensity, short duration monsoonal rainstorms during the summer (Gutzler
2000). The natural flow regime and geomorphology of this aridland river has been
modified considerably due to the construction of dams for flood protection (e.g., Cochiti
Dam) and irrigation withdraws (e.g., Angostura Diversion Dam). Specifically, the
magnitude and duration of snowmelt discharge has been altered with reduction in flows
and overbank flooding.
Environmental data collection and sources
Water Quality Data– We used water quality data from two consecutive years
(2014 to 2015) to compare the temporal variability across sites under differing hydrologic
conditions. At all three sites, in situ sensors (6920 v2 and EXO, Yellow Springs
Instruments, YSI) were used to record water quality variables at 15-minute intervals
including dissolved oxygen (DO, mg L-1), water temperature (°C), specific conductance
(s cm-1), pH, and turbidity (NTU). Time gaps greater than three days in water quality
variables at the Bernalillo and Rio Bravo sites were filled using additional datasets when
available from the United States Geological Survey (USGS; gage #08329400 and
08330000, respectively) and the Albuquerque Metropolitan Arroyo Flood Control
Agency (AMAFCA). The sensors that collected these alternate data sources were colocated with our sensor at the Bernalillo site on U.S. Route 550 bridge and were eight
kilometers upstream of Rio Bravo site (Fig. 1.). Sensor drift was assessed during site

59

visits every two to four weeks by comparing pre- and post-cleaning values from the field
instrument to a reference instrument as detailed in the USGS standard calibration
procedure (Wagner et al. 2006). Sensors were calibrated if drift occurred, which was
based on percent difference criteria in pre- and post-cleaning values (Wagner et al. 2006).
All data were corrected for instrument drift and fouling of probes using Aquarius TimeSeries™ Workstation (version 3.10).
Discharge Data – Measurements of stage and discharge data in 15-minute
intervals were accessed through the USGS National Water Information System. Stream
gages on the MRG were located upstream of water quality sites: (1) Otowi Bridge
(#08313000; 35°52'28.2", 106°08'32.8"; 32 km upstream of Cochiti); (2) San Felipe
(#0831900; 35°26'40.5", 106°26'23.4";19 km upstream of Bernalillo); and (3) Central
(#08330000; 35° 5'21.00", 106°40'50.50"; 8 km upstream of Rio Bravo) (Table 1). A
major change in drainage area from the Jemez River tributary occurs between the San
Felipe gage and Bernalillo site, however, tributary inputs are relatively minor with the
exception of years with heavy spring snowmelt (Moore et al. 2002) and during the
summer monsoon period. Previously conducted field surveys of the river channel by
USGS were used to develop a river discharge/depth power function and to qualitatively
assess river substrate type (Leopold et al. 1953).
Meteorological Data – Continuous measurements of shortwave downwelling
radiation (Wm-2), air temperature (°F), and barometric pressure (mb) were accessed from
meteorological stations located close to the study sites. Fifteen-minute data from Station
TA-54 (35°49'32.80", 106°13'23.90") and TA-49 (35° 48' 47.9", 106° 17' 57.5") were
used for the Cochiti site. Both stations are maintained by the Los Alamos National
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Laboratory (https://envweb.lanl.gov/weathermachine/). For the Bernalillo and Rio Bravo
sites, ~3-minute interval solar radiation data were collected at the Albuquerque SOLRAD
station (35°2'16.66", 106°37'19.6", National Oceanic and Atmospheric Administration),
while barometric pressure and air temperature (hourly to 5-minute intervals) were
collected at the KAQB station (35° 2'30.01", 106°36'52.99"). For each site, data for
barometric pressure were corrected for elevational differences between the
meteorological station and river site (Barry and Chorley 2003) and total solar irradiance
(SI) was converted to photosynthetically active radiation (PAR, µmol m-2 s-1) following
Meek et al. (1984), 𝑃𝐴𝑅 = 𝑆𝐼 × 2.04. The daily light integral was calculated from
instantaneous measurements of PAR. To match the 15-min interval of water quality
parameters, meteorological data were interpolated by applying a cubic spline function
from the zoo package (Zeileis et al. 2005) in R software (R Core Team 2018, version
3.5.0).
Hydrology
Estimation of river depth – Mean river depth was estimated at each USGS gage
site using discrete field measurements of channel hydraulic variables (width, area,
velocity, discharge). River channel and discharge data from 2013 to 2017 with “fair” and
“good” survey measurement rankings were selected to develop power functions to
estimate river depth from the continuous discharge record. First, it was assumed that
depth calculated from measured cross-sectional data (calculated depth = channel
area/channel width) was representative of mean depth. Second, power functions relating
measured hydraulic variables to discharge were developed following equations (Leopold
et al. 1953):
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𝑊 = 𝑎𝑄 𝑏

(Eq. 1)

𝐷 = 𝑐𝑄 𝑓

(Eq. 2)

𝑉 = 𝑘𝑄 𝑚

(Eq. 3)

where hydraulic variables, 𝑊 – width (m), 𝐷 – depth (m), and 𝑉 – velocity (m s-1), are
described by coefficients (a, c, and k), exponents (b, f, and m), and discharge (Q – m3 s-1).
The sum of exponents was approximately 1.0 as was the product of coefficients,
confirming these site-specific power functions were representative of the relationship
between hydraulic geometry and discharge (Leopold et al. 1953). Continuous estimates
of mean depth (15-minute interval) were derived from the continuous discharge record
using these site-specific relationships for the study period at each gage site.
To capture the variability in discharge between years and across sites, we
calculated the duration and magnitudes of flow pulses as hydrologic criteria identified by
(Olden et al. 2003) that are relevant to the natural flow regime of this river (Poff et al.
1997). The duration of snowmelt discharge was quantified during March through June as
the number of days when mean daily discharge exceeded 40 m3 s-1 for at least 7 days
(Krabbenhoft et al. 2014). The duration of monsoonal driven flow pulses was quantified
as the number of days above the 75% quantile for each water year. Magnitudes were
identified as maximum mean daily discharge during snowmelt (March – June) and
monsoon (July – September) seasons. These values were calculated for each year and site
using the FlowScreen (Dierauer et al. 2019) package in R (R Core Team 2018, version
3.5.0).
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River metabolism modeling
The mass balance of dissolved oxygen concentrations fundamental to estimating
metabolism from inverse models is driven by biological (i.e., auto- and heterotrophs) and
physical (i.e., gas exchange) variables. A single station approach of instantaneous
dissolved oxygen concentrations (Odum 1956) was used to estimate metabolism
parameters in the streamMetabolizer R package (version 0.10.9), a hierarchical statespace model (Appling et al. 2018). streamMetabolizer is robust for rivers where small
changes in diel DO concentrations occur, such as in the Rio Grande, and minimizes the
potential of equifinality, where multiple variations in the values of parameters produce
the same signal, by providing a Bayesian partial pooling method to estimate gas exchange
using information from discharge (Appling et al. 2018).
The model structure used to estimate metabolism parameters (GPP, ER, K600)
was
𝐺𝑃𝑃𝑑

∆𝑂𝑚𝑜𝑑,𝑖,𝑑 = (

𝑧𝑖,𝑑

×

𝑃𝑃𝐹𝐷𝑖,𝑑
)
̅̅̅̅̅̅̅̅̅̅
𝑃𝑃𝐹𝐷
𝑑

𝐸𝑅

+ [( 𝑧 𝑑 ) + 𝑓𝑖,𝑑 (𝐾600)(𝑂𝑠𝑎𝑡𝑖,𝑑 − 𝑂𝑚𝑜𝑑,𝑖,𝑑 )] × ∆𝑡 (Eq. 4)
𝑖,𝑑

where the change in modeled oxygen concentration (∆𝑂𝑚𝑜𝑑 – mg L-1) at 𝑖 (15-minute
timestep interval) for a day (𝑑) is determined by the daily average rate of gross primary
production (GPP – gO2 m-2 d-1) and observed and mean photosynthetic photon flux
̅̅̅̅̅̅̅̅ − 𝜇mol m-2 d-1); the daily average rate of ecosystem respiration
density (𝑃𝑃𝐹𝐷, 𝑃𝑃𝐹𝐷
(𝐸𝑅 – gO2 m-2 d-1) and GPP were normalized by mean river depth (𝑧 – m); and 𝐾600 is
the normalized reaeration rate coefficient corrected for temperature using a Schmidt
number of 600 and converted to an oxygen specific gas exchange rate through the
function (𝑓) (Jähne et al. 1987) and driven by the difference of theoretical saturation
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(𝑂𝑠𝑎𝑡 – mg L-1) and modeled (𝑂𝑚𝑜𝑑 – mg L-1) oxygen concentrations (Appling et al.
2018).
Specifications of the model included priors for GPP (𝜇 = 3.1 , 𝜎 = 6) and ER
(𝜇 = −7.1, 𝜎 = 7.1) set to default values based on Hall (2016) and Appling et al. (2018)
and from a lack of a priori information for this reach of the Rio Grande [but see Lusk et
al. (2012) for short-term estimates]. Markov chain Monte Carlo (MCMC) simulations
were run with 1,000 burn-in steps and 500 saved steps to allow convergence of four
chains, similar to Arroita et al. (2019) and Appling et al. (2018). Partial pooling of K600
across days was implemented using continuous DO and discharge data for each site.
Seven piece-wise linear relationships were used to bin K600 values by Q with default
setting for priors (Appling et al. 2018). During the study period discharge ranged from 11
– 202 m3s-1, 12 – 118 m3s-1, and 2 – 112 m3s-1 at Otowi, San Felipe, and Albuquerque
USGS gages, respectively. Input data for the model were organized by site, with each site
containing three years of continuous data, and run using the streamMetabolizer package
(version 0.11.3) with a Stan model of b_kb_oipi_tr_plrckm.
Model output was evaluated using the Gelman-Rubin 𝑅̂ <1.1 that indicates
convergence of MCMC (Gelman et al. 1996). Additionally, unrealistic values of GPP and
ER that included negative and positive values, respectively, were removed. Days were
removed if the parameters failed the above selection criteria. Finally, the potential of
covariation between estimated ER and K600 was assessed for each site (Supplemental
Fig. 1).
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Data Analysis
Time-series of GPP and ER were used to explore the extent of temporal variation
within and across sites. The timing and magnitude of peak daily metabolism were
compared between years to identify trends within and between sites. Gaps in time-series
data (i.e., not available – NAs) occurred at different times and durations across sites in
the MRG. We incorporated missing days for individual variables/parameters across sites
if time-gaps occurred at one, or more, site(s) to compare metabolic and physicochemical
signals and values equally across sites (i.e., the same number of days with matching
NAs). Monthly averages (or seasonal averages) were calculated from matched daily rates
of GPP and ER and physicochemical variables. The relationship between ER and GPP
was explored at daily and seasonal time-scales using bivariate plots to identify trophic
conditions at both sites. Seasonal time periods were identified from the record of daily
water temperatures during this study where periods of relatively stable high and low
temperatures were designated as summer (June – August) and winter (December –
February), and periods of rapid increase and decrease in temperature were designated as
spring (March – May) and fall (September – November), respectively.
Multivariate analyses were employed using daily values to identify
physicochemical variables influencing estimates of GPP and ER. Multiple linear
regression models were tested for temporal autocorrelation using the Durbin-Watson test
in the lmtest package version 0.9-37 (Zeileis et al. 2002), which indicated autocorrelation
was present in most linear models. As a result, we choose a generalized least squares
(gls) model with a first order autocorrelation structure. Generalized least square models
were performed on daily rates of GPP and ER within a site by season (i.e., spring,
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summer, fall, winter) for each year (2014, 2015) using the nlme package version 3.1-141
(Pinheiro et al. 2019). Predictor variables selected as input for the gls models included
light (i.e., PAR), water temperature, turbidity, discharge. Predictor variables were
considered significant if the p-value <0.05 and the percentage of occurrence in models
was calculated. Additionally, GPP was included as a predictor in ER models because
these variables can be tightly coupled [e.g., Hall et al. (2013)]. Relationships between
response variables (GPP and ER) and potential predictors were assessed for each site to
compare seasonal trends across sites. All statistical models were performed in R software
(R Core Team 2018, version 3.5.0).
RESULTS
Hydrologic variability
Hydrologic conditions varied during snowmelt and monsoons, between years, and
across sites. The duration and magnitude of snowmelt in 2015 was greater than 2014 for
all sites (Table 2), with peak flows that were twice as high in 2015 than in 2014. Across
sites, peak snowmelt discharge was highest at Cochiti for both years with magnitudes of
62 m3 s-1 and 115 m3 s-1, and lowest at Rio Bravo (44 m3 s-1 and 82 m3 s-1). In 2015, the
number of days when Q exceeded the 40 m3 s-1 snowmelt threshold decreased with
distance downstream, with 60, 59, and 42 days at Cochiti, Bernalillo and Rio Bravo,
respectively. In 2014, snowmelt was considerably reduced in duration lasting 11
(Cochiti), 12 (Bernalillo) and 0 days (Rio Bravo).
Maximum peak flow in summer driven by monsoons was higher in 2014 at the
middle and downstream sites, but higher in 2015 at Cochiti. In 2014, summer flow
peaked at 74 m3 s-1 at the two downstream sites and only reached 64 m3 s-1 at Cochiti. In
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contrast in 2015, summer peak flow at Cochiti was higher (70 m3 s-1) than the
downstream sites, both 61 m3 s-1.
Within-site variability in daily and seasonal metabolism estimates
Cochiti - Daily GPP and ER increased in spring during snowmelt discharge,
peaked in summer, and declined in late summer during monsoon pulses for both years
(Fig. 2). Peak GPP occurred predictably in June during both years (2.2 and 4.1 gO2 m-2 d-1
in 2014 and 2015, respectively) and declined slowly throughout summer and fall for both
years with minor peaks in either spring (2015) or fall (2014). In 2014, GPP remained
elevated for a longer time period and a second, smaller increase in GPP occurred in
October. In contrast, in 2015, a smaller, earlier peak in GPP occurred in spring (March)
along with a snowmelt pulse, and a higher peak occurred in summer (June). Mean daily
rates of GPP were higher in 2014 (0.57 gO2 m-2 d-1) compared to 2015 (0.46 gO2 m-2 d-1)
(Table 3). During both years, daily ER was high during periods of elevated flow with
peak rates of -5.8 and -6.7 gO2 m-2 d-1 in 2014 and 2015, respectively. In 2014, daily ER
was typically greater than -2.0 gO2 m-2 d-1 from April to November with several occasions
of higher rates coinciding with higher flows. In 2015, daily ER was high (>-2.0 gO2 m-2 d1

) during flow events which occurred in March (snowmelt), May and June (combination

of snowmelt and monsoons) and November-December. Mean daily ER was higher in
2014 (-2.1 gO2 m-2 d-1) but had a wider range in 2015 (-1.8 gO2 m-2 d-1) (Table 3).
The timing of peak monthly averages was consistent between years for GPP but
varied for ER (Fig. 3). Peak monthly average GPP occurred in June and was higher in
2014 (1.6 ± 0.4 gO2 m-2 d-1) than 2015 (1.2 ± 1.0 gO2 m-2 d-1). Monthly average ER
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peaked in July (-3.1 ± 1.1 gO2 m-2 d-1) and May (-3.8 ± 1.5 gO2 m-2 d-1) in 2014 and 2015,
respectively.
Bernalillo – Daily rates of GPP and ER were highly variable between years.
Specifically, in 2014 daily GPP peaked in spring (1.6 gO2 m-2 d-1; March-April), summer
(2.9 gO2 m-2 d-1; June-July), and fall (2.5 gO2 m-2 d-1; Sept) when discharge was typically
< 30 m3 s-1 (Fig. 2). In 2015, daily GPP peaked in late September and October (2.1 gO2
m-2 d-1) when Q was < 30 m3 s-1, while for most of the year, daily GPP rates generally
remained below 1.0 gO2 m-2 d-1. Annual mean rates of GPP were low, 0.9 gO2 m-2 d-1 and
0.4 gO2 m-2 d-1 in 2014 and 2015, respectively, with an approximately two-fold difference
between years. During both years, daily ER followed patterns similar to GPP with the
exception of an increase in ER in July 2015 following a high discharge event (Fig. 2).
The highest peak in ER occurred in July 2015 (-3.4 gO2 m-2 d-1) (Table 3), along with two
smaller peaks in spring (-2.3 gO2 m-2 d-1; March) and fall (-2.5 gO2 m-2 d-1; Oct.). In 2014,
four peaks with comparable rates (~-2.4 gO2 m-2 d-1) occurred in spring, summer, fall, and
winter (May, July, November, and December).
The timing of peak monthly average GPP rates in fall was similar between years;
however, there was an approximately two-fold difference in magnitude; 1.7 ± 0.3 gO2 m-2
d-1 in 2014 compared to 0.9 ± 0.6 gO2 m-2 d-1 in 2015 (Fig. 3). In contrast, the timing of
peak monthly average ER occurred in different seasons between years and, thus, seasonal
patterns were strikingly different (Fig. 3).
Rio Bravo – Daily GPP peaked in fall during both years when Q was stable and
was slightly higher in 2015 (2.2 gO2 m-2 d-1) compared to 2014 (1.9 gO2 m-2 d-1) (Fig. 2).
In general, daily GPP did not exceed 1 gO2 m-2 d-1 when discharge was greater than 20
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m3s-1. Two smaller peaks in GPP also occurred in 2014 (similar to Bernalillo) while rates
were generally low during 2015 when data were available. Daily ER was highly variable
during spring and summer months. Peak daily rates occurred following a discharge event
in August 2014 (monsoon) and June 2015 (snowmelt) with rates of -4.6 gO2 m-2 d-1 and 6.0 gO2 m-2 d-1, respectively.
While temporal patterns of daily GPP varied widely between years, monthly
averages of GPP were similarly low, with peaks occurring in fall each year (Fig. 3) with
magnitudes of 0.8 ± 0.4 gO2 m-2 d-1 in 2014 and 1.2 ± 0.3 gO2 m-2 d-1 in 2015. In 2014,
monthly averages of ER were typically higher from late spring to early fall and highly
variable in summer compared to 2015 (Fig. 3). Peak monthly ER occurred in June during
2014 (-2.5 ± 1.0 gO2 m-2 d-1) while in 2015, June (-2.8 ± NA gO2 m-2 d-1) and July (-2.6 ±
1.0 gO2 m-2 d-1) were high, but we note that June was represented by a single value.
Variability in metabolism estimates across sites
Daily values aggregated by month show that rates of ER and GPP varied widely
at the different sites, both within and between months (Fig. 4). From November through
April, GPP was generally highest at the Bernalillo site, with mean values that were from
two to nearly four times higher than the Cochiti and Rio Bravo sites. During May, June,
and July, mean GPP values peaked at the Cochiti site with rates of primary production
exceeding those at the other two sites, with a two- to three-fold difference with Rio
Bravo. During September and October, GPP values peaked at the two downstream sites
with rates of production that were approximately two times greater than at the Cochiti
site. With the exception of values from August through October and January, mean GPP
values were lowest at the most downstream site, Rio Bravo.
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Driving variables of monthly average GPP and ER
In general, the combinations of driving variables of daily GPP and ER varied
between years and across sites (Table 4). However, GPP was a common driver of ER for
all sites and occurred in most seasons.
Within site-across season: Cochiti – The importance of drivers of GPP varied
across seasons and between years (Table 4). Turbidity was a common driver in 2014
(spring and summer), occurring in 50% of models, while in 2015, water temperature and
light were important in spring and summer, respectively, and as combined in fall and
winter (75% of models). GPP as a predictor of ER was consistent between years (67% of
models), while turbidity and temperature were also important in spring and/or fall
seasons.
Bernalillo –Water temperature was a predictor of GPP in 63% of models but was
important in different seasons between years (Table 4). In 2014, discharge (50% of
models) was important in spring and summer while light (50% of models) was important
in fall and winter. Similar to Cochiti, GPP occurred in 67% of models describing ER in
each year, while in 2014, discharge was also important in spring and fall models (50% of
models).
Rio Bravo – Discharge occurred in 63% of models describing GPP across years
and seasons. In 2014, discharge and light co-occurred in models during spring, summer
and fall seasons, while in 2015, discharge was important in spring and winter. Overall,
GPP was an important predictor of ER within each year and in 2014, discharge and water
temperature were also important (67% of models).
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Within season-across site: During spring, discharge was an important driver of
GPP across sites (67% of models) but varied between years (Table 4), while discharge
(67% of models) and GPP (100% of models) were common drivers of ER across site.
Similar to spring, light as well as turbidity and discharge (33% of models) were important
during summer across sites but in different combinations (Table 4). However, few models
were able to predict ER during summer between years and across sites. During fall, water
temperature (67% of models) and light were common drivers of GPP across sites. GPP
(100% of models) and water temperature (67% of models) were important drivers of ER
and co-occurred at all sites in 2014 and only at Cochiti in 2015. During winter, light was
a driver of GPP at all sites for 2015 (67% of total models) and at Bernalillo in 2014. GPP
was a common driver of ER between Cochiti and Bernalillo in 2015.
Trophic status
The highest percentage of net heterotrophic days was at Cochiti with 97%
(290/298 days) in 2014 and 99% (340/343 days) in 2015, although a few net autotrophic
days occurred in spring (2014) and summer (2015) (Fig. 5). Net autotrophic conditions
were common at Bernalillo, occurring 57% of the time in 2014 (103/230 days) and 32%
in 2015 (59/183 days) during all seasons (Fig. 5). In contrast, Rio Bravo was
predominately net heterotrophic, with a few days of net autotrophy occurring during fall
in 2014 (5%; 10/203 days) and during summer and fall in 2015 (26%; 44/169 days).
DISCUSSION
Multi-year measurements of ecosystem metabolism are increasingly common and
have provided the opportunity to explore patterns of temporal variation and drivers of
metabolism (Bernhardt et al. 2018, Savoy et al. 2019). However, these studies are heavily
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biased towards small streams and mesic systems; we know little about the variability in
GPP and ER in aridland rivers [but see Fellows et al. (2009) and Oliver et al. (2006)],
despite being globally abundant (Graf 1988) and vulnerable systems to changing climate
(Seager et al. 2007, D’Odorico et al. 2013, Gutzler 2013). In this multi-year and -site
study, we show that discharge and a combination of channel geomorphology and
substrate interact in complex ways to drive patterns of daily GPP and trophic status.
Across site and year differences in GPP
Discharge plays a large and complex role in determining GPP in the MRG due to
a combination of variability in flow from snowmelt and monsoonal inputs, and
longitudinal changes in the physical template of the river (Fig. 6). Increases in flow from
montane spring snow melt are a key feature of many aridland river hydrographs (Molles
et al. 1990, Lundquist et al. 2002). During the two years of this study, the variation in the
snowmelt pulse and summer monsoons had differential impacts on metabolism at the
three sites.
Cochiti – Primary production at this site follows the dominant trend found in open
canopy streams across the US (Minshall 1978, Lamberti et al. 1997, Savoy et al. 2019),
with a predictable peak mid-summer (Fig. 3) regardless of the discharge magnitude from
snowmelt or monsoons. This commonly observed peak timing in production in other
systems is driven by the simple relationship between maximum solar irradiance on the
summer solstice and maximum instream production (Savoy et al. 2019). This finding in
the MRG is interesting, as benthic primary production is typically reduced on the type of
sandy substrate found at the Cochiti due to the high mobility of these substrates, even at
low flows (Uehlinger et al. 2002, Atkinson et al. 2008, Scholle 2015). This site appears to
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have a variety of geomorphic forms and habitat complexity, including a sinuous channel,
vegetated sand bar formation, and shallow, low flow areas in the river margins (Schiemer
et al. 2001), which render whole-river primary production and ecosystem respiration
more resistant to disturbance from increasing discharge, in spite of the sandy substrate.
Thus, in this reach we speculate that benthic algae are predominately located along the
channel and sand bar margins, where flow velocity and bed movement is considerably
lower than the main channel (Uehlinger et al. 2002). These algal communities may be
similar to those described in aridland waterholes, where a “bathtub ring” of benthic
primary production is restricted to the littoral zone due to high turbidity and limited light
penetration through the water column (Bunn et al. 2003, Fellows et al. 2009). Similar
communities have also been described in a small aridland stream in Arizona which also
has unstable sediments (Uehlinger et al. 2002). Thus, the consistent temporal pattern in
GPP observed at this site, which appears to be a result of seasonal variation in light
availability, suggests that even in rivers with mobile substrates, primary producers are
relatively resistant to changes in flow if sufficient geomorphic and habitat complexity is
present, such as vegetated sandbars and side channels (O’Neill et al. 2011).
Rio Bravo – As with the upstream site, the annual pattern of GPP at the most
downstream site was consistent for both years. However, in contrast to the summer peak
observed upstream, GPP at the downstream site consistently peaked during fall. The
occurrence of this peak when both discharge and turbidity are low and stable for an
extended time, in conjunction with the negative relationships between GPP and discharge
in 2014 and with turbidity in 2015, suggest that the primary producer communities at this
site are highly susceptible to disturbance. As with the upstream site, primary production
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is likely constrained to littoral areas along the river margins and sandbar formations
where water depth and velocity are low (Uehlinger et al. 2002, Scholle 2015). However,
this portion of the MRG has undergone substantial channel modifications during the past
century, including channelization, the installation of flood and sediment control
structures, and river maintenance to improve conveyance (Scurlock 1998). These
modifications, which have decreased the number of low flow habitats protected from
high discharge scour, along with the prevalence of substrates that are even finer and thus,
more mobile than at the upstream reach, likely lead to reduced resistance of the primary
producers to flow disturbances.
In a meta-analysis of GPP in 47 streams across the United States, the majority of
sites had a summer peak (68%) due to maximum light availability during the summer
solstice, a minority had a spring peak (32%) in April due to declines in GPP with
increasing canopy coverage (Savoy et al 2019). A more fine-scale analysis revealed
several lotic systems experienced a-seasonal or summer decline peaks (15% and 28%,
respectively); however, there was limited evidence of streams experiencing fall peaks in
GPP (Savoy et al. 2019). This fall peak pattern in GPP may be common in some arid land
stream reaches that have a combination of 1) fine substrates that are readily transported
by even minimal increases in Q (Uehlinger et al. 2002, Atkinson et al. 2008), 2) frequent
inputs of highly turbid water from highly erosive watersheds common in arid regions
(Wilcox et al. 2003), and 3) flow regimes that include spring snowmelt peaks followed by
summer monsoon precipitation (Molles et al. 1990, Gutzler 2000).
Bernalillo – The observed dramatic difference in GPP signals between years at
the middle site suggests that in contrast to the upstream and downstream sites, primary
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production at this site is greatly influenced by interannual variability in discharge and
turbidity. The multiple peaks in GPP during spring, summer, and fall of the low flow year
(2014) indicate that when discharge is low, the combination of substrate and
geomorphology allow for high levels of primary production as compared to the other two
sites. The variation in temporal patterns across sites is likely due to differences in algal
communities and geomorphology. At the upstream and downstream sites primary
production likely occurs in shallow, low flow habitats associated with sand bars and the
river margin, and the algal community appears to be comprised of diatoms and filaments
loosely adhered to sand and silt (Scholle 2015). In contrast, the middle site is
approximately 46 km downstream of a major dam that releases hypolimnetic water and
retains sediment. This change in sediment transport has resulted in downcutting of the
river channel, the loss of low flow side channel and sandbar associated habitats, and
increased streambed armoring (Scurlock 1998, Richard et al. 2005). Thus, in this reach,
the armored channel provides habitat for attached algal species on coarse substrates
across the main channel and at greater depths (Scholle 2015). However, in the event of
increasing flow and depth, as occurred in 2015, it is likely that the increase in light
attenuation (Julian et al. 2008) and altered river geomorphology results in lower GPP
rates.
Across site and year differences in trophic status
The inter-site and seasonal variation in trophic status (Fig. 5) is indicative of shifts
in the relative rates of ER and GPP across sites and years. At the upstream site (Cochiti),
the consistent net heterotrophy during all seasons and for both years suggests that while a
distinct summer peak in GPP occurred, this reach of river has a net reliance on either
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allochthonous, or upstream autochthonous subsides that support ER in the hyporheic
compartment. As discussed above, at this summer-peak site, high levels of turbidity and
shifting sand substrate in the main channel likely constrain primary production to lowvelocity areas associated with sandbars and the channel margins (Uehlinger et al. 2002,
Bunn et al. 2003), and thus, the total stream bed area where GPP can occur is small. In
contrast, heterotrophic respiration can occur wherever organic matter resources are
present across and throughout the streambed. Additionally, during high flows, ER can
persist in deeper sediments (Atkinson et al. 2008) likely fueled by a combination of
stored carbon and nutrients in the hyporheic zone (Fellows et al. 2001) and from the
vertical transport of resources in downwelling zones in a sandbed system (Jones et al.
1995). Together, these factors promote the dominance of ER over GPP at this upstream
site, and corroborate the findings of other studies of sandbed open canopy streams
(Uehlinger et al. 2002, Atkinson et al. 2008), and a recent meta-analysis of rivers across
the United States (Hall 2016), each of which report the importance of allochthonous
subsides for ER and of physical controls on GPP.
The between-year alternation in trophic status at the middle site (Fig. 5) suggests
that the differences in flow regimes in 2014 and 2015 drive the trophic status in this
stream reach. During the lower flow period in 2014, autotrophy was common throughout
spring, summer, and fall. The shift towards heterotrophy during 2015 in summer
indicates GPP is less resistant than ER to higher discharges, as observed in other rivers
(Uehlinger 2000). The higher resistance of ER is likely due to these processes occurring
in different compartments of the benthic zone: heterotrophs occupy the hyporheic zone
(Fellows et al. 2001), which is less susceptible to disturbance than the benthic surface
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where autotrophs are located. At this site in the MRG, which has predominately cobble
that requires high flows to cause bed movement, the heterotrophic hyporheic community
is likely well protected from increasing flow. However, the filamentous algae observed at
this location are attached to the cobble surfaces across the channel (Scholle 2015), and
are likely more susceptible to both physical scour and to decreased productivity due to
light attenuation during periods of high flow (Julian et al. 2008).
The dominance of heterotrophic conditions at the downstream site during all
periods other than summer and fall of 2015 (Fig. 5) supports our assertion that primary
producers at this site are highly susceptible to disturbance from both increases in
discharge and turbidity. Additionally, as with the upstream site, primary production is
likely relegated to a small area of the river with low velocity and adequate water clarity,
while heterotrophic metabolism likely occurs throughout the benthic compartment. The
period of autotrophy observed in summer and fall of 2015 appears to have been driven by
a significant decrease in ER during the period of peak autotrophic productivity for this
site. The cause of this decline in ER is unknown; however, it may be related to the input
of clay particles from monsoon storm events, which can clog hyporheic sediment pore
spaces and limit ecosystem respiration (Jones et al. 1995).
Comparison of metabolism in the MRG to other systems
Rates of ER and GPP at sites along the MRG are both low when compared to
rates from 47 other stream locations from across the United States. The other streams that
have comparable rates are found in mesic regions. However, these systems are much
smaller than the MRG, with average annual discharges less than 5 m3 s-1 (Fig. 7)
(Appling et al. 2018, Savoy et al. 2019). Additionally, these small mesic systems are
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primarily forested reaches that experience a peak in GPP in spring before light is limited
by canopy coverage, and where ER is fueled primarily by allochthonous sources, both of
which result in low GPP and high ER and in net heterotrophic conditions. The sites we
studied on the MRG were also predominately heterotrophic; however, the drivers of low
GPP and ER rates and net heterotrophy in this, and likely other aridland rivers, appear to
differ from the drivers in mesic systems. Here, in spite of the open-canopy and high light
availability at the water surface, at two of three reaches not impacted by downcutting and
channel armoring from dam releases, the combination of mobile, fine textured substrates,
and high turbidity appear to limit production within the water column and constrain
benthic growth to shallow low-flow areas. Thus, while we hypothesis GPP rates are
relatively high along the river margin, the assumption that metabolism rates are
distributed across the channel due to single-station approach indicates GPP rates per-unitarea are low, and heterotrophic conditions dominate.
When the metabolism rates from the MRG are compared to other rivers with
comparable discharge from the meta-analysis, these other systems have similarly low
GPP values but substantially higher rates of ER (Savoy et al. 2019) (Appling et al. 2018).
(Appling et al. 2018). This may be due to the highly mobile sand and silt substrates found
at most sites in the MRG, which likely limit the development of robust hyporheic
communities and lead to clogging of sediment pores in areas with coarser substrate.
CONCLUSIONS
Whole stream metabolism rates varied dramatically, both spatially and temporally
at sites along the MRG. This variation appears to be related to changes in
geomorphology, substrate size, discharge patterns, and anthropogenic impacts, all of
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which highlight the influence of varying hydrologic regimes and site-specific
characteristics on stream metabolism. This dynamic variability in rates of metabolism and
trophic status may be characteristic of open-canopy systems with widely varying flow
regimes (Summers et al. in press), like aridland rivers; however, additional multi-year
data at a variety of locations are needed to further explore the extent of variability.
Quantifying metabolism is essential in aridland rivers given that they support a wide
variety of endemic organisms, that many of these organisms are extinct, threatened or
endangered, and because these systems are further threatened by over allocation of water
resources, are experiencing changes in snowmelt dynamics (Clow 2010, Chavarria et al.
2018), and are forecasted to have altered precipitation patterns (amount and timing) with
a changing climate (Milly et al. 2005).
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FIGURES

Figure 1. Study sites located along the Middle Rio Grande include water quality sensors
(green), meteorological stations (red), and USGS gages for discharge (black). Note:
meteorological stations SolRad and Kabq are separate stations but overlap due to the
spatial scale.
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Figure 2. Daily estimates of metabolism (GPP and ER; g O2 m-2 d-1) and daily average
discharge (Q; m3 s-1) from 2014 to 2015 at three sites in upstream to downstream order
spanning ~ 97 km along the Middle Rio Grande.
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Figure 3. Monthly average discharge (Q; m3 s-1) and metabolism (GPP and ER; g O2 m-2
d-1) at Cochiti, Bernalillo, and Rio Bravo sites during 2014 (green) and 2015 (orange).
Monthly averages were calculated for variables on days that matched across sites. Note
the different range in y-axis between GPP and ER.
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Figure 4. Daily values of metabolism (GPP and ER) and physicochemical variables
(discharge, turbidity, photosynthetic active radiation – PAR, and temperature) aggregated
by month over 2 years of semi-continuous data. Site is categorized by color; Cochiti –
orange, Bernalillo – green, Rio Bravo – purple. Values of NA were removed for all sites
for each variable to compare same sample size across sites.
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Figure 5. Coupling of daily ER and GPP by site and year. 1:1 line represents the balance
between ER and GPP and color represents seasons (spring = red, summer = green, fall =
blue, winter = purple).
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Figure 6. Schematic of physical characteristics within at each study site (Cochit,
Bernalillo, Rio Bravo) along the Middle Rio Grande, the suspected location where
primary production occurs, and predominate drivers of temporal variability in gross
primary production (GPP). Courtesy of Bobby Goldie.
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Figure 7. Annual average ecosystem respiration (ER) and gross primary production
(GPP) calculated at 3 sites along the Rio Grande for two years (n=6) shown in red points.
Annual average metabolism calculated from the USGS 356 river dataset (Appling et al.
2018b) and filtered using criteria from Savoy et al. (2019) with a color gradient for
annual average discharge (m3 s-1). Individual point represents a year from a 2013-2016
dataset with 47 sites analyzed by Savoy et al. (2019).
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SUPPLEMENTAL FIGURES

Supplemental Figure 1: Relationship in estimates of daily ER (gO2 m-2 d-1) against
reaeration (K; d-1) at sites (Cochiti, Bernalillo, Rio Bravo) during 2014 to 2015.
Spearman rank correlation coefficients were 𝜌 = 0.18, -0.18, and -0.39 for Cochiti,
Bernalillo and Rio Bravo, respectively.
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TABLES
Table 1. Site characteristics at USGS stream gages on the Middle Rio Grande. Variables D, W,
and V are depth, width and velocity, respectively.

Stream
Gage

Name

Latitude
Longitude

Distance
from
sensor (mi)

Drainage
area (mi2)

Annual
discharge
(m3 s-1)

D
(m)

W
(m)

V
(m s-1)

Substrate

8313000

Otowi
Bridge

35°52'28.2"
106°08'32.8"

20
(Cochiti)

11,360

30.7

0.69

40.1

1.05

sandsilt-clay

8319000

San
Felipe

35°26'40.5"
106°26'23.4"

12
(Bernalillo)

13,160

28.4

0.69

43.4

0.9

gravelcobble

ABQ

35° 5'21.00"
106°40'50.50"

4.85
(Rio
Bravo)

0.62

fine
sandsilt

8330000

14,500

21.6

0.5

66.1

Table 2. Hydrologic criteria for snowmelt and monsoonal driven discharge events at USGS
gages on the Rio Grande in upstream to downstream order.

Year
2014

Category

Criteria
duration (d)

Otowi
11

Sites
San Felipe
12

snowmelt

peak flow (m3 s-1)
duration (d)

62
23

53
23

44
23

monsoon

peak flow (m3 s-1)
duration (d)

64
60

74
59

74
43

snowmelt

peak flow (m3 s-1)
duration (d)

115
23

91
23

82
23

monsoon

peak flow (m3 s-1)

70

61

61

2015

94

Central
0

Table 3. Mean daily gross primary production (GPP; gO2 m-2 d-1) and ecosystem
respiration (ER; gO2 m-2 d-1) and maximum daily values at the three sites on the Middle
Rio Grande. Sample size was the same for all sites.

2014
Site
Cochiti
Bernalillo
Rio Bravo

GPP
(min -max)
0.57
(0.0 - 2.20)
0.87
(0.0 - 2.89)
0.37
(0.0 - 1.94)

2015

ER
(min -max)
-2.1
(-0.06 - -5.84)
-0.88
(-0.01- -2.35)
-1.59
(0-4.62)

GPP
(min-max)
0.46
(0.01 - 4.05)
0.43
(0.01 - 2.13)
0.43
(0 - 2.17)

ER
(min-max)
-1.87
(-0.59 - -6.72)
-0.77
(0 - -3.36)
-0.89
(-0.02 - -5.97)

Table 4. Generalised least square output of drivers of metabolism (gross primary production GPP, ecosystem respiration - ER) at three site on the Middle Rio Grande. Discharge is Q, Temp
is water temperature, light is photosynthetic active radiation (PAR). NA indicates a model was
not able to run because of a small sample size, whereas a dash indicates no significant predictors
identified by the model. The direction of the relationship between predictor and response
variables are indicated with plus and negative signs and predictors are listed from high to low
coefficients.

GPP

Site

Year
(n)

Spring

Summer

Fall

Winter

Cochiti

2014

Turbidity(+)

Temp(+)

-

Q(-), PAR(+)
Temp(+), Q(-),
PAR(+)

Turbidity(-)
Temp(-), Q(-),
PAR(+)
Turbidity(-), Q(-),
PAR(+)

Temp(+), PAR(+)

PAR(+)

Q(-), PAR(+)

Temp(+), Q(+)

PAR(+)

Temp(+), PAR (+)

Bernalillo

Temp(+)

-

Rio Bravo

-

Bernalillo

Q(+)
GPP(+),
Temp(+), Q(+)
GPP(+) ,Q(-)
Turbidity(+)

Rio Bravo

GPP(+)

Temp(+), Q(+)

NA

Q(+)

Turbidity(-)
Temp(+),
Turbidity(-)
GPP(+), Temp(+),
Turbidity(-)
GPP(+), Temp(-),
Q(+)
GPP(+), Temp(+),
Q(+)
GPP(+), Temp(+),
Turbidity(+),

Temp(+)
Temp(+),
Q(-), PAR(-)
Temp(+),
PAR (-)
Q(-),
PAR(+)

Bernalillo

NA

-

GPP(+)

NA
GPP (+),
Turbidity(+)
GPP (+),
Temp(+),
PAR(+)

Rio Bravo

NA

-

GPP(+)

-

Bernalillo
Rio Bravo
Cochiti

ER

Cochiti

Cochiti

2015

2014

2015

-
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NA
NA
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ABSTRACT
Aridland rivers in the southwestern U.S. are characterized by long-duration high
flows during snowmelt and short duration, abrupt pulses of flow from high intensity
monsoons in summer. At one site on the Middle Rio Grande, New Mexico, we assessed
the impact of these two types of disturbances on summer GPP (June – October) using
semi-continuous data from a nearly consecutive ten-year period. In June across years,
monthly mean GPP and monthly mean discharge (Q) were inversely related (r2=0.56,
p=0.021) with significantly lower GPP occurring during El Niño years and higher values
in La Niña years (p=0.028). Variable flow regimes across years resulted in substantial
differences in cumulative GPP from June through October (80 to 232 gO2 m-2). Threshold
responses in daily GPP occurred during different times of the year from two nonrelated
disturbances; increasing snowmelt discharge, and elevated turbidity. In June, daily GPP
rates were less than 2 gO2 m-2d-1 when Q exceeded 40 m3 s-1, while in July and August
daily GPP was less than 1 gO2 m-2d-1 when turbidity exceeded 1,000 NTU. A detailed
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assessment of summer monsoonal driven disturbances within one year revealed nonlinear
changes in turbidity and discharge and that resistance and resilience metrics were not
linearly related to either changes in turbidity or discharge. Our findings suggest that in
this aridland river, small changes in discharge from summer monsoons result in large
changes in turbidity that likely abrades benthic primary producers from channel substrate,
depressing the GPP signal.
Keywords: disturbance, snowmelt discharge, monsoons, turbidity, primary production,
threshold, aridland river
INTRODUCTION
Instream primary producers convert inorganic carbon to organic carbon
through photosynthesis, supplying energy for secondary production and heterotrophic
respiration (Bott 1996). Rates of gross primary production (GPP) and ecosystem
respiration (ER) in lotic systems are controlled by four primary factors; light and nutrient
availability, discharge, and water temperature (Mulholland et al. 2001, Bernhardt et al.
2018). These factors vary, both spatially across climate regimes (Lamberti et al. 1997,
Mulholland et al. 2001) and river networks (Young et al. 1996, Dodds et al. 2018, Hosen
et al. 2019), and temporally across seasons.
Disturbance events also affect rates of stream metabolism, with impacts that are
superimposed on the spatial and temporal drivers identified by Bernhardt et al. (2018).
The most common type of stream disturbances are high flow events (Lake 2000). This
disturbance impacts stream metabolism by decreasing light availability for algal
communities as depth and turbidity increase (Julian et al. 2008), increasing shear stress
resulting in scouring benthic primary producers (Francoeur et al. 2006, Blaszczak et al.
2018), and, at high enough flows, causing bed-movement which catastrophically disrupts

97

benthic communities (Uehlinger et al. 1998, Uehlinger 2000). The timing of flow
disturbances can be either predictably related to events such as snowmelt (Molles et al.
1990), wet-season precipitation (Acuña et al. 2004), and broad scale climate patterns
(Sheppard et al. 2002), or can be impacted by unpredictable stochastic weather systems.
Stream ecosystems are unique, as catastrophic events that remove most algal biomass can
happen many times a year, while such resetting events are much less common in
terrestrial environments (Grimm et al. 2003, Bernhardt et al. 2018).
An increasing number of studies have investigated the specific effects of flow
disturbances on stream metabolism. The most commonly reported impact is a depression
of metabolism values and a shift toward increased heterotrophy, as primary producers
appear to be more vulnerable to increases in discharge than heterotrophic communities
(Uehlinger et al. 1998, Uehlinger 2000, Atkinson et al. 2008, O'Connor et al. 2012,
Beaulieu et al. 2013, Appling et al. 2018). Information regarding the impacts of flow
disturbance on stream metabolism in aridlands is limited. The few studies that do exist
suggest that the flashy hydrologic regimes, frequency of pulse disturbances, high levels
of turbidity, and mobile sediments (Puckridge et al. 2000, Thoms et al. 2000, Bunn et al.
2003) all contribute to low levels of primary productivity, and frequently disturbed
communities (Uehlinger et al. 2002, Fellows et al. 2009).
The Rio Grande within New Mexico, USA, is an aridland river characterized by
widely varying flow, high levels of turbidity, mobile sediments, and a water stressed
environment (Nordin et al. 1965, Gutzler 2013). Two types of flow disturbances are
common in the Rio Grande and other aridland rivers in the Southwestern United States.
Long duration high flows, originating from snowmelt at high elevations, occur during
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spring and early summer months in years with a substantial montane snowpack (Molles
et al. 1990). In this region, the accumulation of the snowpack is correlated with the El
Nino Southern Oscillation (ENSO), with more snow accumulating during strong El
Niño (EN) conditions and less snow accumulating during La Niña (LN) and Medial (M)
conditions. Following the snowmelt period, short duration, abrupt pulses of flow occur
from high intensity monsoons in summer (Sheppard et al. 2002).
In this study we use a 10-year dataset of continuous dissolved oxygen and water
quality data to explore the impacts of flow disturbance events on stream metabolism in a
large aridland river. The specific study objectives were to: (1) quantify the response of
stream primary production to two types of flow disturbances, predictable, long duration,
spring snowmelt discharge pulses, and less predictable monsoonal spates; (2) assess the
drivers of interannual variability in the response of GPP; and (3) quantify the resistance
and resilience of GPP within one year to flow disturbances and relate these measures to
event characteristics and other potential drivers.
METHODS
Site Description
The Rio Grande is the fifth longest river in the United States flowing 2,830 km
across 3 states. The Middle Rio Grande (MRG) is defined as the segment of the river
from the Otowi Gage (USGS 08313000) above Cochiti Reservoir to Elephant Butte
Reservoir in central New Mexico. Within the MRG study region, spring and summer
discharge patterns are influenced by snowmelt from high elevation sub-basins and
monsoonal rainstorms, respectively. Precipitation as rainfall predominately occurs during
the North American Monsoon Season in July and August based on Point Precipitation
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Frequency Estimates (NOAA Atlas 14, https://hdsc.nws.noaa.gov/hdsc/pfds/). During
periods of elevated discharge from precipitation, intermittent tributaries contribute flows
and transport sediments to the MRG.
Our study site, located in Bernalillo, New Mexico at the Hwy 550 Bridge, is
positioned within a transitional zone where changes in river geomorphology and land use
occur. Upstream of this site the riverbed is armored with coarse substrate due to
downcutting that occurred following the construction of Cochiti Dam in 1973, which is
operated for flood control. Downstream of this site, highly mobile sediment typical of
aridland rivers is present. At the study site, the substrate is a mixture of coarse gravel and
sand and the channel slope is low (~0.0009 m/m) (Massong et al. 2006). This site is also
at a land use transition point, with a predominance of natural and agricultural use
upstream, and agricultural and urban land use downstream, of the site (Ortiz 2000).
The MRG region has undergone considerable geomorphic changes due to the
engineering of the channel and construction of Cochiti Dam. Specific changes to the
MRG at Hwy 550 include increased river depth and decreased width (degradation) due to
changes in sediment loads downstream of Cochiti Dam. Additionally, channel incision
and high riverbanks prevent overbanking from occurring at flows historically known to
overbank (Massong et al. 2006), and river flows are routed through a single main channel
while minor flow paths are mostly abandoned.
Data Sources
Water quality – A long-term water quality record from 2007 to 2018 provided
high resolution (15-minute intervals), time series of dissolved oxygen (DO), water
temperature, turbidity, specific conductance, and pH. Data were collected with Yellow
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Springs Instruments (YSI); YSI 6920 and YSI 6920 V2 sensors were used from 20072012 and YSI EXO instruments were used from 2013 to 2017. A key difference in these
sensor models is the increase in the maximum detection limit in turbidity from 1000 NTU
to >4000 NTU. Instruments were serviced every 2 to 4 weeks following USGS standard
operating procedures (Wagener et al. 2007). Time gaps in the water quality record
occurred due to burial of the probe or sonde, biofouling, probe malfunction, or temporary
removal of the sonde from the site for maintenance. Aquarius Workstation 3.3 (Aquatic
Informatics, Vancouver, British Columbia) was used to assess the quality of the data and
to correct for drift when applicable.
Hydrology – Sub-daily measurements of discharge were accessed from the US
Geological Survey (USGS) Rio Grande at San Felipe (0831900; 35°26’40.5”,
106°26’23.4”) and Rio Grande at Alameda (08329918; 35°11'51.8", 106°38'34") gages
located 19 km upstream, and 19 km downstream of the water quality sensor,
respectively. The study site is located ~12 km downstream of the confluence with the
Jemez River. The Jemez River is a 5th order tributary that contributes minimal flow,
except during wet periods, but does contribute substantial sediment loads to the MRG
when it does run.
Field measurements of channel width, area, velocity, and discharge taken by the
USGS during the study period (2007 – 2018) were used to develop power law functions
to estimate mean river depth from the continuous discharge record (Leopold et al. 1953).
First, cross-sectional measurements of channel width and area were used to calculate
channel depth, which was assumed to be representative of the reach (i.e., mean depth).
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Second, depth calculated from these field measurements was then related to discharge
(Q) as a power law function (Leopold et al. 1953)
𝐷 = 𝑐𝑄 𝑓

(Eq. 1)

𝑊 = 𝑎𝑄 𝑏

(Eq. 2)

𝑉 = 𝑘𝑄 𝑚

(Eq. 3)

where hydraulic variables, 𝑊 – width (m), 𝐷 – depth (m), and 𝑉 – velocity (m s1

), are described by coefficients (a, c, and k) and exponents (b, f, and m) and discharge (Q

– m3 s-1). Finally, continuous estimates of mean depth, width and velocity (15-minute
interval) were derived from the continuous discharge record using these power law
relationships. The cumulative volume of snowmelt was calculated using daily mean
discharge during the period of March through June for each year from the USGS San
Felipe gage (0831900).
Meteorology – Light and barometric pressure variables were collected at separate
nearby stations in Albuquerque (~32 km from Hwy 550). Instantaneous measurements of
solar irradiance (W m-2) in 1 to 3-minute intervals were available from the Albuquerque
SOLRAD station (35°2'16.66", 106°37'19.6") operated by the National Oceanic and
Atmospheric Administration. Solar irradiance (SI) was converted to photosynthetic active
radiation (PAR – µmol m-2 s-1) following Meek et al. (1984), 𝑃𝐴𝑅 = 𝑆𝐼 × 2.04. The
daily light integral was calculated from instantaneous measurements of PAR for the
entire day. We accessed the MesoWest data portal (https://mesowest.utah.edu) for
barometric pressure (mb) collected in hourly to 5-minute intervals at the KABQ station
(35° 2'30.01", 106°36'52.99"). Barometric pressure was corrected for elevation
differences between meteorological and water quality sites. Meteorological data were
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interpolated by applying a cubic spline function from the zoo package (Zeileis et al.
2005) in RStudio (RStudio Team 2016, version 1.1.453) to match the 15-minute interval
of water quality data.
Metabolism modeling
Instantaneous DO concentrations were used to estimate metabolism based on a
single station, open channel method (Odum 1956) that assumes gross primary production
(GPP), ecosystem respiration (ER), and gas exchange between air-water interface
determine fluctuations in DO concentrations. Daily mean metabolism parameters (GPP,
ER, reaeration) were solved using an inverse modeling packaged, streamMetabolizer
(version 0.11.3), developed by USGS (Appling et al. 2018). Equation 4 was implemented
to estimate metabolism at each timestep:
𝐺𝑃𝑃𝑑

∆𝑂𝑚𝑜𝑑,𝑖,𝑑 = (

𝑧𝑖,𝑑

×

𝑃𝑃𝐹𝐷𝑖,𝑑
)
̅̅̅̅̅̅̅̅̅̅
𝑃𝑃𝐹𝐷
𝑑

𝐸𝑅

+ [( 𝑧 𝑑 ) + 𝑓𝑖,𝑑 (𝐾600)(𝑂𝑠𝑎𝑡𝑖,𝑑 − 𝑂𝑚𝑜𝑑,𝑖,𝑑 )] × ∆𝑡
𝑖,𝑑

(Eq. 4)
where the change in modeled oxygen concentration (∆𝑂𝑚𝑜𝑑 – mg L-1) at 𝑖 (15minute timestep interval) for a day (𝑑) is determined by the daily average rate of gross
primary production (GPP – gO2 m-2 d-1) and observed and mean photosynthetic photon
̅̅̅̅̅̅̅̅ − 𝜇 (mol m-2 d-1); the daily average rate of ecosystem
flux density (𝑃𝑃𝐹𝐷, 𝑃𝑃𝐹𝐷
respiration (𝐸𝑅 – gO2 m-2 d-1) and GPP were normalized by mean river depth (𝑧 – m);
and 𝐾600 is the normalized reaeration rate coefficient corrected for temperature using a
Schmidt number of 600 and converted to an oxygen-specific gas exchange rate through
the function (𝑓) (Jähne et al. 1987) and driven by the difference of theoretical saturation
(𝑂𝑠𝑎𝑡 – mg L-1) and modeled (𝑂𝑚𝑜𝑑 – mg L-1) oxygen concentrations (Appling et al.
2018).
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For each year of continuous data, we implemented a Bayesian model variant with
partial pooling of K600 across days with a Stan model of b_kb_oipi_tr_plrckm. For each
model run, seven piece-wise linear relationships were used to bin K600 values by Q with
default setting for priors (Appling et al. 2018). Previous estimates of metabolism in the
MRG from Summers et al. (in prep) and (Lusk et al. 2012) were used to inform priors of
mean (3.1 and -3.1 g O2 m-2 d-1) and standard deviation (3.1 g O2 m-2 d-1) values of GPP
and ER. Markov chain Monte Carlo (MCMC) simulations were run with 1,000 burn-in
steps and 500 saved steps to allow convergence of four chains, similar to (Arroita et al.
2019) and (Appling et al. 2018). Convergence of MCMC simulations were evaluated
based on the Gelman-Rubin 𝑅̂ <1.1 (Gelman et al. 1996) for each parameter, similar to
Appling et al. (2018). Additionally, sub-daily observed and modeled DO concentrations
were compared to validate goodness of fit (i.e., timing and difference in concentrations).
Days were removed if model selection criteria were violated or when unrealistic
estimates in GPP (negative), ER (positive) or K600 occurred. We focus on GPP in our
analyses because of a more complete record in estimates than in ER.
Calculation of resistance and resilience
A detailed characterization of disturbances was performed from June through
October in 2007. This year was chosen due to the nearly complete estimates of daily GPP
and because flows were low enough to support consistently measurable primary
production. Disturbances were identified by periods of elevated turbidity as discharge and
increasing turbidity are frequently decoupled in this system and GPP is impacted by both
stressors. In 2007, we selected six events when turbidity spiked rapidly and when GPP
rates were reduced. Pulses were categorized as low (200-499 NTU), moderate (500 -999
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NTU), high (1000 - + NTU) disturbance events. The change in turbidity and discharge
was calculated as the difference between the peak and pre-disturbance levels.
Disturbances were selected if GPP estimates were available three out of five days before
and three days following the flow event.
To assess stability metrics of GPP, we calculated resistance (𝑅𝐺𝑃𝑃 ) (Uehlinger
2000) and recovery rates of GPP (Grimm et al. 1989, Uehlinger 2000) following
disturbances. Resistance was calculated as:
𝑅𝑥 = 1 −

𝐺𝑃𝑃𝑏𝑒𝑓𝑜𝑟𝑒 −𝐺𝑃𝑃𝑎𝑓𝑡𝑒𝑟
𝐺𝑃𝑃𝑎𝑓𝑡𝑒𝑟

(Eq. 5)

where 𝐺𝑃𝑃𝑏𝑒𝑓𝑜𝑟𝑒 is the mean rate of GPP before the disturbance prior to the turbidity
pulse and 𝐺𝑃𝑃𝑎𝑓𝑡𝑒𝑟 is the first available rate of GPP after the disturbance (Uehlinger
2000, Griffiths et al. 2013). Resilience, or the recovery rate (𝓂𝐺𝑃𝑃 ), was calculated as the
slope of the increase in GPP with time since the disturbance peak (Grimm et al. 1989,
Uehlinger 2000). Given that disturbances were often sequential and inhibited the full
recovery of GPP, we standardized the calculation of 𝓂𝐺𝑃𝑃 to include three days
following the disturbance peak to compare the immediate recovery trajectory of GPP
across disturbances.
Data Analysis
The 10-year dataset of GPP and physicochemical variables was used to explore
across month and year variability and relationships. We used simple linear regression
models to test for the response of mean GPP against discharge in June (i.e., snowmelt).
One-way analysis of variance (ANOVA) was used to test for differences in mean GPP in
June across years as well as mean discharge in June across years with ENSO category as
a factor (El Nino – EN, La Nina – LN, Medial – M) taken from the National Oceanic and
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Atmospheric Association (https://origin.cpc.ncep.noaa.gov). “Goodness of fit” tests were
used to investigate relationships between mean monthly discharge in June and cumulative
snowmelt discharge (March through June) and ENSO category. Monthly mean (µ) values
are reported for discharge, turbidity and GPP. We investigated the influence of daily
mean discharge and turbidity on daily GPP by splitting discharge into two ranges: Q < 40
m3 s-1 and Q> 40 m3 s-1. We also compared the relationship between daily mean turbidity
and discharge based on the two flow regimes. Linear regression models were also
explored for the resistance and resilience of GPP to the change in turbidity or discharge
within a year in addition to other characterizations of the disturbances (i.e., average water
temperature, average PAR, time duration since last disturbance event) and were reported
significant if p<0.1. Model residuals were tested for normality with the Shapiro-Wilk test
and statistical analyses were performed in RStudio (RStudio Team 2016, version
1.1.453).
RESULTS
Across year variability (broad patterns of variability)
Discharge – In June, snowmelt discharge varied across years with the highest
mean occurring in 2008 (µ=103 ± 34 m3 s-1). For most years during the month of June,
mean discharge exceeded 40 m3 s-1, while from 2012 to 2014, mean discharge was
reduced (26.8 m3 s-1 and 35.1 m3 s-1, respectively). Mean snowmelt discharge in June was
higher during EN years than LN or M but was not significantly different (ANOVA,
p=0.742). Similarly, cumulative discharge volume (m3) did not differ by ENSO category
(ANOVA, p=0.979). From July through October mean monthly discharge generally
declined each month with the lowest monthly values occurring during 2013 for each

106

month with the exception of October. Daily pulses of discharge from monsoons were
similar across years during summer months (July – August) and early fall (September –
October), as indicated by outliers (Fig 1A).
Turbidity – Values were lowest for all years during the spring snowmelt in June
(µ=46 ± 21 NTU to µ=243± 211 NTU), which was the period of the highest mean
monthly discharge, and increased dramatically during July (µ=97 ± 196 NTU to
µ=1311 ± 1045 NTU) and August (µ=151 ± 259 NTU to µ=610 ± 826 NTU). During
periods of stable turbidity, daily average turbidity values were typically below 200 NTU.
Pulses of daily turbidity exceeded the detection limit for both YSI sensor models, 6920
(maximum of 1227 NTU, 2007-2012) and EXO (maximum of 4666 NTU, 2013-2017),
on multiple occasions (Fig. 1B). Variability in daily and mean turbidity values across
years were high in July and August with several high values also occurring in September
and October.
GPP – In June, July and September, interannual variability in daily and monthly
mean rates of GPP was high, while in other months (August, October) rates of daily and
monthly mean GPP were generally low (Fig. 1C). In June, three consecutive years (20112013) had the highest monthly mean GPP ranging from µ=2.79 ± 1.3 g O2 m-2 d-1 (2012)
to µ=2.2 ± 1.8 g O2 m-2 d-1 (2011). In 2011 during July, the highest measured daily (7.6 g
O2 m-2 d-1) and monthly mean (µ=3.8 ± 2.2 g O2 m-2 d-1) rate of GPP occurred following
a period of low flow and hydrologic stability (Fig 1C). In October across years, daily and
monthly mean (range: µ=0.3 ± 0.2 g O2 m-2 d-1 to µ=1.21 ± 0.4 g O2 m-2 d-1) rates of
GPP were typically below 1 gO2 m-2 d-1, with the exception of 2011 and 2012.
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Drivers of GPP – In June, monthly mean GPP (log transformed) was inversely
related to monthly mean Q (r2=0.56, p=0.021), with larger values of Q associated with
reduced GPP, and vice versa (Fig 2A). Monthly mean rates of GPP were different across
years in June when grouped by ENSO category (ANOVA, p=0.033), with pairwise
comparisons showing significant differences between EN (n=4) and LN (n=3) groups
(p=0.028) (Fig. 2B).
Thresholds for daily GPP were observed for both Q and turbidity, with elevated
GPP values (maximum of 7.6 g O2 m-2 d-1) occurring at Q < 40 m3 s-1 and turbidity values
of less than 1100 NTUs (Fig 3A, B). In early summer (June) when daily Q exceeded 40
m3 s-1, daily GPP rates were constrained below 2 g O2 m-2 d-1; and when Q was greater
than ~ 65 m3 s-1, GPP rates were less than 1 g O2 m-2 d-1 (Fig. 3D). In July, when threshold
values of turbidity were exceeded, daily GPP rates were typically constrained below 1 g
O2 m-2 d-1 (Fig. 3B, E). Turbidity was highly variable when Q was below the 40 m3 s-1
threshold (Fig. 3C), and rarely elevated above the 1100 NTU threshold when Q was
greater than 40 m3 s-1 (Fig. 3F), with few exceptions during late summer and early fall.
Within year variability (detailed patterns)
Within year cumulative GPP – A comparison of daily and cumulative rates of
GPP across three years (2007, 2011, 2015) showed variable timing and magnitude of
productivity (Fig. 4). In June and July for 2011, high summer GPP rates resulted in a
rapid increase in cumulative GPP and by mid-August, a 6.5-fold difference in cumulative
GPP was observed across years, with totals ranging from 29 g O2 m-2 to 192 g O2 m-2 in
2015 and 2011, respectively. During 2015, low daily rates of GPP in summer resulted in
a smaller increase in cumulative rates, while a relatively sharp increase occurred in fall

108

that resulted in a nearly 2-fold increase in cumulative rates for the time period. During
2007, steady increases in cumulative rates were punctuated by disturbances in turbidity
and small changes in discharge, particularly in the fall.
Disturbance regime within a year– Data for six specific turbidity events from
2007 had a range of peak values (Fig. 5). Two high category turbidity events peaked at
1161 NTU (∆ 1096 NTU) and 1163 NTU (∆ 1137 NTU) on August 7 (12 day duration)
and September 2 (11 day duration), respectively. Three moderate turbidity events also
occurred ranging from 554 NTU to 674 NTU. One low category turbidity peaked at 123
NTU (∆ 88 NTU). During these turbidity events, the change in discharge ranged from a
decrease of 1.5 m3 s-1 to an increase of 7.7 m3 s-1 at the upstream gage and an increase in
change in discharge (range: 1.8 to 4.4 m3 s-1) at the downstream gage. We found no
evidence of a significant relationship between the change in turbidity and the change in
discharge for the six disturbance events (p=0.276, r2=0.28, Fig. 6).
Within year response of GPP to disturbance – In 2007, GPP rates immediately
decreased following each disturbance event, with declines ranging from 44 to 89%. The
resistance of GPP (𝑅𝐺𝑃𝑃 ) was not linearly related to most disturbance variables (Table 1,
Fig. 7). However, resistance was negatively related to average water temperature prior
the disturbance (p=0.06, r2=0.62; Fig. 6). While lower 𝑅𝐺𝑃𝑃 tended to occur with higher
values of turbidity, this relationship was not significant (p=0.25, r2=0.31). The resistance
of GPP was not related to the change in discharge (p=0.52, r2=0.11). The resilience of
GPP (𝑚𝐺𝑃𝑃 ), assessed by the recovery slope, calculated from the three days following the
peak disturbance, was variable across disturbance events, ranging from 0.17 to 0.52 (g O2
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m-2 d-1). The recovery slope was not linearly related to any of the disturbance variables
(Table 1, Fig. 7).
DISCUSSION
Previous studies of the impacts of flow disturbance on stream metabolism have
focused on the influence of high magnitude, bed-moving discharge events in mesic
streams and rivers. In contrast, few studies have explored the effect of disturbance on
metabolism in aridland rivers, which have flashy hydrologic regimes, frequent pulse
disturbances, high levels of turbidity, and mobile sediments (Puckridge et al. 2000,
Thoms et al. 2000, Bunn et al. 2003), all of which likely influence metabolism. In this
study, we documented threshold responses in GPP to increasing discharge and turbidity
and showed that inter-annual variability in the magnitude of snowmelt discharge and
frequency of summer monsoon events determined primary production. These responses
resulted in substantial across-year differences in cumulative GPP.
Threshold response in GPP
Threshold responses of GPP rates to increases in discharge have been described in
other streams with sand and gravel substrates (Biggs et al. 1989, O'Connor et al. 2012,
Hoyle et al. 2017). However, in the MRG we found evidence for potential thresholds
related to two factors; discharge and turbidity. At discharge values greater than 40 and 70
m3 s-1, GPP values were restricted to rates below 2 and 1 gO2 m-2d-1, respectively. This
suggests that multiple disturbance mechanisms control daily GPP rates at this site, and
that they occur at different flows. At least three possible mechanisms may be acting
separately or in concert: 1) at minimally elevated velocities, saltation of sand and gravel
can occur in which particles bounce off of the stream substrate as they fall out of
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suspension and are then remobilized (Luce et al. 2013), 2) at higher velocities, sheer
force can physically scour primary producers from their points of attachment (Biggs et al.
1995, Stone 2005), and 3) above a critical threshold of Shields stress, which is related to
substrate size and hydraulic variables, bed movement and catastrophic scouring can occur
(Matthaei et al. 2003, Atkinson et al. 2008, O'Connor et al. 2012). At our study site there
is a wide mixture of substrate size classes, ranging from silts and clays to cobbles (Ortiz
2000). Thus, either two of the different mechanisms described above may be impacting
GPP at the two flow thresholds, or, communities adhered to different substrate types may
be impacted by the same mechanism but at different thresholds. Further study at the
patch-scale is necessary to determine which of these potential explanations is responsible
for the observed declines in GPP.
Disturbances linked to predictable, large-scale drivers – During spring and early
summer during El Niño years, the Q threshold was exceeded for relatively long periods
of time. The negative relationship between GPP and Q during June, and the significantly
lower GPP observed during El Niño years as compared to La Niña and Medial years,
suggests that disturbance from large-scale climate events is a driver of production in this
aridland system. The influence of large-scale climate patterns on interannual variability in
discharge and metabolism rates has been observed in other multi-year datasets (Young et
al. 1996, Ulseth et al. 2018); however, the direction and strength of this relationship
varies. For example, Summers et al. (in press) showed enhanced rates of GPP (and ER) in
spring during years with elevated snowmelt discharge in a montane open-canopy stream.
In this instance, rather than flow acting as a physical disturbance for biological
communities, it appears to provide limiting nutrient resources causing a fertilization
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effect. Similar differential response of GPP to seasonal flow disturbance across sites
occurred in a New Zealand river network where, during a wetter year, rates of GPP were
reduced in higher stream order stretches of the river, whereas in sites at smaller stream
orders, GPP was slightly higher or had little change (Young and Huryn 1996). The
authors suggest increased shear stress and/or declines in light availability due to increased
turbidity are greater for the higher order stream reaches than for the headwater sites.
Thus, shifts in flow regime driven by ENSO and other large-scale climate patterns that
result in hydrologically wet and dry years affect lotic systems across vast areas of Earth
(Kahya et al. 1993, Eltahir 1996, Izagirre et al. 2008) and likely influence the interannual
variability in metabolism rates as well. Long-term datasets are essential to uncover the
linkage between large-scale climate patterns and stream metabolism, and are necessary to
inform predictions of ecosystem productivity.
Disturbances linked to localized stochastic events – While spring/early summer
disturbances were linked to periods of elevated discharge, declines in GPP that were tied
to monsoonal events coincided with increases in turbidity that exceeded a threshold value
(1,000 NTU) that were frequently independent of substantial increases in discharge. In
fact, some of the largest increases in turbidity and greatest declines in GPP were not
accompanied by any observable increase in flow. This finding suggests that in aridland
regions with highly erosive soils and limited vegetation to prevent overland flow (Wilcox
et al. 2003), during certain periods of the year increases in sediment transport may be
more important in controlling GPP than disturbance from flow events. Increases in
turbidity may impact GPP via several mechanisms. As suggested above, saltation of
abrasive particles in transport may abrade primary producers adhered to the substrate
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(Francoeur et al. 2006, Luce et al. 2013). Alternatively, declines in GPP may simply
reflect increased light limitation as water clarity decreases (Fellows et al. 2009). Once
again, further research is required to untangle the relative importance of these two
potential mechanisms in driving the patterns observed in the MRG.
Variation in annual cumulative GPP
In this aridland river where spring flows and subsequent monsoonal inputs
strongly impact GPP, long periods of stable flow provide optimal conditions for
production and significant biomass accrual. For example, in 2011, reduced snowmelt
resulted in a dramatic increase in GPP until impacts from summer monsoons caused a
decline in production. A 15-year study on stream metabolism in a Swiss river (Uehlinger
2006) found a similar increase in biomass during years in which spring and summer flow
disturbances were below a critical threshold. Additionally, other short-term (i.e., less than
two years) studies also show the importance of the timing and magnitude of discharge
disturbance on rates of GPP and ER (Acuña et al. 2004). This between-year variation in
production can result in large differences in cumulative GPP. For example, at our study
site, there was a three-fold variation in cumulative GPP across three years for which we
had relatively complete datasets. Few studies on metabolism have quantified cumulative
rates of GPP and ER in other stream systems, however, some data exists. In a forested
stream in a mesic regions, small changes in annual cumulative GPP (from 488 to 519 gO2
m-2 y-1) but a larger difference in annual cumulative ER was reported between two years
(Roberts et al. 2007). In two large rivers draining mesic catchments, the Mississippi and
Chattahoochee rivers, moderate changes (1.3 to 1.8 difference) between years in
cumulative rates of GPP were observed with cumulative rates comparable to this study
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(Dodds et al. 2013). Thus, cumulative rates of GPP in aridland systems may be more
highly variable than in rivers draining mesic catchments due to the impact of snowmelt
and monsoon inputs on GPP.
Resistance and resilience of GPP within a year
A detailed evaluation of short-term disturbances occurring from summer
monsoons reveal little explanation of the drivers of variability in the resistance and
resilience of GPP to flashy turbidity events and small changes of discharge. Flashy and
frequent disturbances in turbidity resulted in moderate to high percent change in the GPP
that is comparable to other systems where discharge pulses affect primary production,
including an agricultural stream with high nutrient inputs (Griffiths et al. 2013), flashy
alpine rivers (Uehlinger 2000) and an urban river (Reisinger et al. 2017). Disturbance
studies have primarily focused on the influence of flow magnitudes above a critical
threshold that cause scouring of substrate and how it relates to the resistance of GPP
(Grimm et al. 1989, Uehlinger 2000, Griffiths et al. 2013), whereas in this study, small
changes in discharge from monsoonal rainstorms result in large changes in turbidity
which is an important agent of change in GPP.
The occurrence of monsoonal rainstorms is highly variability at this site, and
within a year, these frequent events lead to incomplete recovery of GPP between
disturbances. Studies show that complete recovery of GPP can range from days to weeks
(Grimm et al. 1989, Griffiths et al. 2013) and that the recovery trajectory of GPP can be
influenced by seasonal variables, such as light and water temperature (Uehlinger 2000).
While the recovery slopes in GPP at our site were comparable to other flashy rivers
(Uehlinger 2000), these slopes were not linearly related to turbidity, discharge, or
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ancillary environmental conditions. Our study highlights that during the monsoon season
when disturbance is frequent, GPP is typically in a constant state of recovery unless an
extended period of stable turbidity levels occurs between monsoons, in which case, the
buildup of GPP can be substantial (Summers et al., in prep).
CONCLUSIONS
In this aridland river, snowmelt and monsoon disturbances drive large differences
in across- and within-year variability in GPP. In June, differences in snowmelt discharge
due to ENSO resulted in low GPP during higher snowmelt years which was typical of
EN-year conditions, whereas in years with reduced snowmelt (LN years), substantial
buildup of GPP occurred. During these two disturbance types at different times of the
year, we observed threshold responses of GPP to increase in discharge and turbidity,
suggesting that abrasion, shearing, scour, and light limitation limit production; however,
additional study is needed to disentangle the relative importance of each potential
mechanism. This study also highlights the importance of turbidity as a control on primary
production in aridland systems.
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FIGURES

Figure 1. Daily values of A) discharge (m3 s-1), B) turbidity (NTU), and C) gross primary
production – GPP (g O2 m-2 d-1) aggregated by month for each year (n=10). Discharge was taken
from the USGS San Felipe gage on the Rio Grande 19 km upstream of the water quality sensor.
In each panel, the middle bar represents the median and year is separated by color. Note: for GPP,
sample size was small (n<5 observations) during October 2010 and 2011 and during August in
2017, and not available for June 2008 (n=0).
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Figure 2. A) Linear relationship between log-transformed mean monthly gross primary
production (GPP, g O2 m-2 d-1) and mean monthly discharge (m3 s-1) in June (r2=0.56,
p=0.021). B) Daily GPP (g O2 m-2 d-1) categorized by El Nino-Southern Oscillation
phenomenon (ENSO); El Nino (EN), LN (La Nina), and Medial (M). The middle bar represents
the median GPP while mean GPP is noted as a diamond in the boxplot, in EN (n=4) and LN
(n=3) years was different (p=0.033).
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Figure 3. Relationships between daily gross primary production – GPP (g O2 m-2d-1), discharge –
Q (m3 s-1), and turbidity from June through October in 2007 – 2008, 2010-2017 at Hwy 550
bridge, Middle Rio Grande. Relationships of variables are separated by discharge categories A-C)
below 40 m3 s-1 and D-F) greater than 40 m3 s-1.
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Figure 4. Comparison of daily and cumulative gross primary production (GPP, g O2 m-2 d-1) and
daily average turbidity (NTU) values from June through October for 2007, 2011, and 2015 at the
Bernalillo Hwy 550 site on the Middle Rio Grande.
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Figure 5. Daily gross primary production (GPP, g O2 m-2 d-1) and A) turbidity (NTU) and B)
discharge (m3 s-1) from June through October in 2007 at the Bernalillo Hwy 550 site on the
Middle Rio Grande. A total of 6 disturbances were used to calculate resistance and resilience of
GPP.
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Figure 6. Relationship between changes in turbidity (NTU) against changes in discharge (m3s-1)
during monsoon disturbance events (n=6, p=0.276, r2=0.28) within year 2007 at the Bernalillo
site on the Middle Rio Grande.

127

Figure 7. Resistance and resilience metrics were quantified for disturbance events and plot against
the change in A-B) turbidity (NTU), C-D) discharge (m3 s-1) at the Alameda gage, E-F) average
water temperature (ºC), G-H) photosynthetic active radiation (PAR, 𝜇mol m-2 d-1), and I-J) time
since the previous disturbance (d). Resistance less than 1.0 indicates GPP was reduced following
the disturbance and a higher resilience value indicates faster recovery trajectory.
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TABLES

Table 1. Relationships between resistance and resilience (recovery slope) of
gross primary production to disturbance variables. Averages of daily water
temperature and photosynthetic active radiation (PAR) were taken 3 days
prior to the disturbance event. Significant relationships reported at p<0.1.

Resistance
Variable

2

r

Change in turbidity

Resilience

p-value

2

r

p-value

0.31

0.253

0.11

0.521

Change in discharge
(Alameda gage)

0.12

0.508

0.18

0.405

Average water
temperature
Average PAR

0.62
0.24

0.064*
0.32

0.01
0.02

0.836
0.788

Time since last
disturbance

0.21

0.36

0.05

0.664
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CHAPTER 5:
Discussion
Multi-year measurements of ecosystem metabolism are increasingly common and
have provided the opportunity to explore patterns of temporal variation and drivers of
metabolism (Bernhardt et al. 2018, Savoy et al. 2019). However, continuous, long-term
datasets in water quality variables remain a novelty for river networks. In this dissertation
that focuses on four study sites within the Middle Rio Grande (MRG) network, there is an
estimate of ~ 488,064 datapoints per-variable analyzed when taking into account all siteyears. Thus, multiple long-term datasets of water quality variables were used to identify
temporal and spatial variability in metabolism and physicochemical variables at sites with
the Middle Rio Grande (MRG) network in New Mexico, U.S.A.
Different patterns of temporal variability in gross primary production (GPP) and
ecosystem respiration (ER) were observed across all four open-canopy sites (East Fork
Jemez River – EFJR, Cochiti, Bernalillo, Rio Bravo) as a result of complex combinations
of temporally varying factors, especially snowmelt discharge, as well as differences in
local conditions, like geomorphology. The timing of peak production was variable across
sites, occurring in; 1) spring and/or summer in the EFJR, 2) summer at Cochiti, 3)
multiple times at Bernalillo and 4) fall at Rio Bravo. Previous studies of metabolism that
are heavily biased towards small streams and mesic systems find that GPP typically
peaks in either the spring or summer with the potential of other patterns to emerge (Savoy
et al. 2019). In this compilation of work, we found that while light availability is an
important variable for these open-canopy sites, other physicochemical variables
determine the temporal variability in GPP and ER for a majority of these study sites. One
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exception was at the Cochiti site where GPP peaked in summer, a classic pattern for
open-canopy sites.
Snowmelt discharge is a major driver of GPP and ER that influences metabolism
in contrasting ways across sites, likely due to different geomorphology and anthropogenic
modification. Thus, two opposing mechanisms occur during snowmelt; 1) the delivery of
nutrients (Pellerin et al. 2012, Sherson et al. 2015) and organic matter (Demars 2019) to
the biological community with higher snowmelt discharges resulting in elevated GPP and
ER (Chapter 1); and 2) disturbance to the benthic biological community, including
scouring of the substrate and biological compartment, decrease in water clarity, abrasive
sediments at the two downstream sites on the Middle Rio Grande (Chapters 2 & 3). At
sites along the MRG (Chapters 2 & 3), we found that disturbances of discharge and
turbidity from summer monsoon rainstorms and substrate type and stability also impact
rates of GPP.
In this aridland network, differences in geomorphology and stream size across the
study sites appear to result in different relationships between discharge disturbance and
related changes in physicochemical variables and temporal variability in GPP and ER.
Others studies on river network metabolism find rates of GPP and ER to range widely
across sites due to differences in nutrient availability and substrate (Dodds et al. 2018)
and from different hydrologic cycles (wet vs dry years) (Young et al. 1996, Hosen et al.
2019). However, these studies have been primarily short in nature and do not capture the
extent of temporal change in metabolism within a site and how this change compares
along the river network [but see Hosen et al. (2019)]. Multi-years of data analyzed in this
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dissertation revealed that aridland rivers are highly dynamic systems in regard to
physicochemical variables and metabolism (particularly GPP).
In this the aridland river network, interannual variability in snowmelt discharge is
influenced by large-scale climate patterns, specifically the El Niño-Southern Oscillation
(ENSO), where El Niño (EN) years are often associated with increased regional
snowpack while La Niña (LN) years produce less snowpack, which subsequently
influences snowmelt discharge patterns (Molles et al. 1990). With the use of long-term
datasets in this study, we identified significant linkages between ENSO and metabolism
rates through snowmelt discharge. In summer, high frequency changes in turbidity and
small changes in discharge from monsoonal rainstorms reduced GPP at sites along the
MRG. Because aridland systems are experiencing changes in snowmelt dynamics
(Stewart et al. 2005) and are forecasted to have altered rainfall (amount and timing) with
a changing climate (Milly et al. 2005), it is essential to quantify metabolism in these
systems given that they support a wide variety of endemic organisms, may which are
threatened or endangered.
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Figure 1. Schematic of sites within the Middle Rio Grande and daily time-series of gross
primary production (GPP) and ecosystem respiration (ER).
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